THERMAL  PROPERTIES  OF  ABLATIVE  CHARS 


W,  A.  Clayton,  P,  0,  Kennedy 
R.  J.  Evan»,  J.  £.  Cotton 
A,  C.  Francisco 

THE  BOEING  COMPANY 


T*  J.  Fobith,  E.  A.  Eldndge 
■J  •  F .  Lagedrost 

BATTELLE  MEMORIAL  INSTITUTE 


Thl$  document  has  been  ^proved  for  public  release 
and  safe;  its  distribution  is  unlimited. 


FOREWORD 


This  report  was  prepared  by  the  Aerospace  Group  of  The  Boeing  Company  under 
U5AF  Contract  Number  AF  33{615)-3804.  The  contract  was  initiated  under  Project 
Number  7381  .  The  work  was  administered  under  the  direction  of  the  Air  Force 
Materials  Laboratory,  Materials  Application  Division,  Task  738106,  "Design  Infor¬ 
mation  Development",  with  Dr.  Merrill  L.  Minges  and  Gary  L.  Denman  acting  as 
Project  Engineers. 

The  Boeing  Company  Program  Manager  was  W.  A.  Clayton.  The  program  was 
conducted  in  the  PlasMcs  and  Ablation  Research  Group  under  the  management  of 
P.  B.  Kennedy  and  W.  M.  Sterry,  Chief,  Materials  Research  and  Development. 

R.  W.  Evans  and  Dr.  J.  E.  Cotton  were  the  principal  investigators  for  char  charater- 
lzatlon.  A.  C.  Francisco  developed  the  methods  for  furnace  char  production.  The 
contributions  of  G.  W.  Way  in  photomicrography,  1  .  L.  Brower  in  X-ray  diffraction 
analysis,  K,  Vannier  in  X-ray  transmission  analysis,  and  Dr.  M.E.  Taylor,  bi.M.  Gold¬ 
berg,  S.  S.  Cannoday,  and  A.  D.  VonVolkii  in  other  measurements  Is  greatly  c^oprec- 
iated.  K.  W.  Irwin,  S,  D.  Kyte,  and  D.  J.  Ottestad  assisted  in  preparation  of  the 
final  report. 

All  thermophysical  property  measurements  were  conducted  at  thr*  Battel le 
Memorial  Institute  Columbus  Laboratories  by  T.  J.  Fobish,  thermal  conductivity, 

E.  A.  Eldridge,  specific  heat  and  thermal  expansion,  and  J.  F.  Lagedrosf,  Project 
Monager.  These  gentlemen  provided  the  written  discussion  of  the  measurements  in 
Sections  IX,  X,  and  XI  and  the  appendices  in  this  report.  Battelle  acknowledges 
the  an i stance  of  the  following  staff  members:  P..  McCann,  J.  Childers,  D.  Hackney, 

A.  Noe,  L.  Porter,  W.  Schmitt,  and  Gerry  Trivello. 

The  authors  wish  to  acknowledge  th«  contributions  to  this  program  by  NASA  in 
releasing  the  Aerotherm  corr^uter  predictions  and  in  releasing  the  original  MX-4926 
nozzle  prepreg  material,  by  Aerotherm  in  performing  additional  computer  predictions; 
and  by  the  material  suppliers,  Thompson-kumo-Wooldridae  and  Fiberite,  in  repro¬ 
ducing  the  original  material. 

This  report  covers  work  conducted  from  March  1,  1966  through  September  15, 

1967. 

This  Technical  report  has  been  reviewed  and  it  approved. 

ALBERT  OLEVI I  CH,  Chief 
Materia1*  Engineering  Branch 
Materials  Applications  Division 
Air  Force  Materials  Laboratory 


I! 


ABSTRACT 


Thermal  conductivity,  specific  heat,  thermal  expansion,  and  a  complete  miero- 
stiuctural  and  chemical  eompo*ltior,al  characterisation  were  established  from  room 
temperature  to  4500°F  for  MX-4926  phenolic-carbon  and  FM-5014  phenolic-graphite 
nozzle  throat  chars  recovered  from  fired  120-inch  solid  boosters.  Characterization 
of  FM-5055A  ablative  chars  from  plasma  tests  simulating  reentry  was  alio  completed. 
Characterization,  versus  depth  from  the  char  surface,  Included  determination  of 
apparent  and  solid  density,  total  porosity,  open  porosity  size  distribution,  mk'r  - 
structural  characteristics,  elemental  composition,  thermal  stability,  and  ext«nr  and 
nature  of  char  "graphitlzation".  Computer  predicted  Internal  density  and  temp¬ 
erature  histories  related  post-test  ablative  char  characteristics  to  temperature  during 
prior  ablation.  Thermophyilcal  properties  were  measured  as  a  function  of  layup 
angle  on  virgin  material  and  on  furnace  charred  samples  duplicating  three  distinct 
char  zones  found  in  the  nozzle  chars.  Thermophysico!  properties  were  correlated 
with  sample  characterization  and  heat  transport  theory  to  predict  properties  appli¬ 
cable  during  ablation.  Thermal  conductivity,  obtained  by  the  steady  state,  uni¬ 
directional  comparative  disk  method,  depended  on  the  rate  controlled  pyrolysis 
generation  of  porosity  and  on  temperature  dependent  "graphltization"  so  that  data 
for  any  application  must  be  extrapolated  from  values  measured  on  after-test  chars. 

Low  lamination  angles  relative  to  the  heat  flow  path  gave  substantially  lower  con¬ 
ductivity  for  all  states  of  ablating  materiol .  Specific  heat,  obtained  from  Bunsen 
ice  calorimeter  enthalpy  measurements,  was  established  as  a  function  of  temperature 
in  third  order  equations  for  all  states  ot  ablating  material.  Linear  thermal  expansion 
did  not  behave  systematically  and  permanent  dimensional  changes  were  obtained  on 
all  samples.  Permanent  crossply  shrinkage  during  pyrolysis  offset  thermal  expansion 
and  was  the  largest  dimensional  change  resulting  from  ablation  heating. 
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SECriON  I 


INTRODUCTION 

Analytical  predictions  of  ablation  performance  require  accurate  values  for  thermo- 
physical  properties  of  ablators  at  the  temperatures  and  states  of  decomposition 
encountered  during  ablation.  Although  data  for  the  virgin  st^te  of  commonly  used 
ablators  have  been  available,  thermophysical  properties  for  the  highly  unstdale 
pyrolysis  zone  and  high  temperature  r.har  layers  have  nOt .  Design  of  refractory 
reinforced  ablation  systems  for  large  rocket  motors  ond  reentry  vehicles  has  been 
uncertain  because  of  lack  of  data  on  ablators  for  over  80  percent  of  the  ablation 
temperature  range.  Most  previous  attempts  to  obtain  these  data  hcve  utilized 
transient  or  steady  state  measurements  on  "charred"  samples.  However,  a  wide 
range  of  values  were  obtained  and  those  applicable  to  active  ablation  could  not  be 
identified  due  to  lack  of  suitable  characterization  of  the  thermophysical  property 
samples  end  their  correlation  with  actual  chars. 

The  objective  of  this  program  wcb  to  determine  thermal  conductivity,  specific 
heat,  thermal  expansion  and  density  to  4500*F  on  well-defined  samples  of  charred 
phenolic-carbon  and  phenolic-graphite  ablators.  Method*  were  to  be  established 
for  characterizing  chars  of  three  phenolic  carbon  or  phenolic  graphite  ablators 
from  tested  full  scale  hardware.  Then  methods  for  producing  stable  duplicates  af 
three  zones  between  1200  and  4500*F  irt  each  char  were  to  be  developed.  Samples 
of  each  of  these  zones  and  the  virgin  ablator  were  to  be  proJuced  for  measurement 
of  thermal  conductivity,  specific  heat  end  thermo!  expansion  by  Battelle  Memorial 
Institute.  Properties  parallel  to  and  perpendicular  to  the  laminate  were  to  be 
determined  from  room  temperature  to  700#F  on  virgin  material  and  between  1200 
and  4500*F  on  chars.  Properiies  for  the  unstable  pyrolysis  zone  were  to  be  derived 
by  extrapolation  guided  by  characterization  and  heat  transport  theory.  , 

The  accomplishment  of  the  program  objectives  presented  in  this  report  provides 
accurate  phenolic-carbon  and  phenolic-graphite  thermophysical  properly  data  to 
4500*F  for  oil  ablation  applications. 
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SECTION  II 


SUMMARY 


This  final  report  to  the  Materials  Application  Division  summarized  work  on  Contract 
No.  AF33(61 5)-3804.  Under  this  contract,  thermal  conductivity,  specific  heat 
and  thermal  expansion  were  measured  between  room  temperature  and  4500 °F  on 
laboratory  produced  samples  representing  four  stages  of  ablation  in  MX-4926  phe¬ 
nolic-carbon  and  FM- 501 4  phenolic-graphite  ablators.  The  Boeing  Company  pre¬ 
pared  and  characterized  all  chars  while  Battelle  Memorial  Institute  performed  all 
thermophysical  property  measurements  under  contract  to  Boeing.  The  four  zones 
for  which  properties  were  measured  were  as  follows: 


Char  Zone  I  -  Stable  surface  char  that  has  experienced  temperatures  from 

460Q°F  on  the  outer  hot  face  to  2900°F  at  the  innei  boundary. 

It  is  characterized  by  significant  "graphitization'1,  high  porosity, 
high  residual  carbon  content  and  absence  of  phenolic  resin. 

Property  specimens  representing  this  zone  were  produced  at  4000°F. 


Char  Zone  II  -  Stable  char  that  has  experienced  temperatures  from  2900°F  down 
to  1900°F  at  the  lower  boundary.  It  is  characterized  as  fully 
charred  material  similar  to  Zone  I  except  tha*  it  is  nor  "grcph- 
itized."  Property  specimens  representing  this  zone  were 
produced  at  2500°F . 


Char  Zone  III  -  Unstable  char  including  the  outer  portion  of  the  pyrol/sis  zone 
that  has  experienced  temperatures  from  1900“F  to  1200°F.  It 
is  similar  to  Zone  II  excopt  that  it  co.itoins  some  unpyrolyzed 
phenolic  and  less  residual  carbon.  Property  specimens  representing 
this  zone  were  produced  at  1200°F. 


Virgin  Zone  -  Ablation  material  unaffected  by  heating  except  for  volatilization 

losses  not  exceeding  four  percent  by  weight  with  a  total  porosity 
less  than  3  percent.  The  maximum  temperatures  to  maintain 
these  characteristics  are  50Q°F  for  MX-4926  and  700°F  for 
FM-5014. 


Characterization  of  ablative  chars  from  full  scale  tested  hardware  delineated  the 
distinct  zones  in  an  ablative  char  for  which  properties  were  required.  The  Air 
Force  provided  charred  nozzle  throats  recovered  from  test  firings  of  120-inch  solid 
propellant  boosters  for  both  of  the  materials  or  which  properties  were  measured.  The 
first  was  Fiberite  MX-4926  phenolic-carbon  from  a  Thompson -Rome -Wooldridge 
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oblique  tape  wrapped  nozzle  for  the  Aerojet-General  Corporation  120-SS-l  motor. 

The  second  was  U .  S .  Polymeric  FM-50!  4  phenolic-graphi  te  from  an  H.l.  Thompson 
rosette-molded  nozzle  for  the  United  Technolog/  Corporation  Titan  3C-10  solid 
stiap-or, .  The  Air  Force  also  provided,  for  characterization  only,  a  plasma-test 
specimen  of  U.S.  Polymeric  FM-5055A  phenolic-carbon  typical  of  reentry  applications. 

Complete  characterization  of  the  po,t-ablation  chars  yielded  a  microstructurol 
and  chemical  compositional  description  as  a  function  of  depth  in  the  char.  Density, 
total  po  osity  ond  pore  size  distribution  measurements  were  used  to  delineate  char 
miciostructure  and  provide  porosity  daiu  fo,  correlation  rr  thermal  conductivity 
results.  Elemental  und  thermal  analyses  were  used  to  determine  amounts  of  unpyroiizcd 
resin  arid  establish  the  presence  of  hydrocarbon  material  deposited  in  the  mature  char 
during  cooling  from  the  ablation  exposure.  Polarized  light  photomicrography  and 
X-ray  diffraction  analyses  established  the  nature  and  extent  of  "graphitization  "  in 
the  char  and  enabled  correlating  the  effects  of  "graphitization  "  on  thermal  conduc¬ 
tivity.  In  this  report  "graphitization"  is  referred  to  parenthetical ly  as  the  accepted 
description  of  increased  crystallinity  in  the  chat  with  the  characteristic  crystal 
spacing  of  graphite  but  unknown  crystal  structure.  Internal  temperature  and  density 
versus  time  during  the  ablation  exposure  and  cooldown  period  were  established  by 
compute  predictions,  end  identified  the  maximum  temperature  requirement  for  therm- 
0,  nysical  properties  in  each  distinct  char  zone. 

Thermally  stable  furnace  char  analogues  of  nozzle  char  zones  I,  II  ond  III  were 
produced  in  an  induction  heated  graphite  retort.  Characterization  of  the  furnace  chars 
showed  that  they  reproduced  all  characteristics  of  active  ablation  chars  except  apparent 
density,  which  was  higher  due  to  pyrolysis  shrinkage  on  unrestrained  material  in  the 
furnace . 

The  thermal  conductivities  of  the  virgin  material  and  three  char  zones  of  both  materials 
were  measured  parr'lel  to  the  laminations,  representing  ablators  with  laminations 
perpendicular  to  the  char  surface  (hereafter  called  90°  layup  angle  material^ and 
perpendicular  to  the  laminations  representing  ablators  laid  up  parallel  to  the  char 
surface  (hereafter  called  0®  iayup  angle  moterial).  Dafo  were  also  obtained  at  20°  and 
45°  to  the  laminations.  In  MX-4926  the  Icyup  angle  was  defined  along  the  bias 
efi  recticn  in  the  uniformly  oriented  carbon  doth  reinforcement  foprovide  properties 
applicable  to  tape-wrapped  construction.  In  FM-5014  the  graphite  cloth  reinforcement 
layers  were  randomly  oriented.  Thermal  con  Tictivity  was  determined  by  the  steady 
state,  unidirectional  comparative  di  sk  method.  Estimated  precision  of  the  measure¬ 
ments  was  best,  iB%,  on  iow  temperature  0°  loyup  material  and  decreased  with 
increasing  temperature  and  layup  angle  to  ±25%  on  90k  layup  Zone  I  material. 
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The  fheimol  conductivity  versus  temperature  of  both  FM-5014  and  MX-4926  char 
zone  specimens  was  co  i elated  to  enable  extrapolation  within  the  accuracy  of  the 
measurements  to  all  states  of  ablation  up  to  4500°F.  The  conelatjons  were 
established  foi  both  the  laminate  di > ectior :  and  the  crossply  direction  ir  each 
material  so  conductivity  in  any  ofhei  direction  car.  be  obtained  by  a  layup  angle 
relationship  to  these  'wo  principal  conductivities.  The  correlations  were  developed 
by  separating  rh»  radiation  and  the  solid  conduction  components  of  apparent  (mea¬ 
sured)  conductivity  versus  temperature  and  establishing  the  effects  of  pyrolysis  and 
high  temperature  char  "graphitization"  on  the  solid  corpoonent .  The  effect  of 
pyrolysis  was  shown  to  be  due  to  the  pyrolysis  rate  dependent  generation  of  po.osity 
which  lowers  the  solid  component  of  conductivity  aid  is  essentially  complete  at 
temperatures  below  the  onset  of  the  radiation  component.  The  pyrolysis  rote  (hence 
heating  rate)  dependent  lowering  of  conductivity  by  generation  of  porosity  must  be 
separa  ely  superimposed  for  each  different  ablation  application.  Therefore,  the 
ra  e  independent  solid  conductivity  component  versus  temperature  correlations  were 
established  for  theoretical  zero-porosity  Or  "dense"  charred  material  by  calculating 
Out  the  effect  of  porosity  included  in  apparent  solid  conductivity  using  the  porosity 
effect  equation  given  below.  "Graphitization"  depended  only  on  the  maximum 
temperatures  reached  so  its  effects  could  be  combined  in  th;  "dense"  material  solid 
conductivity  versus  temperature  correlations.  The  final  "dense"  material  solid 
conductivities  and  the  separate  radiation  components  of  conductivity  versus  temper¬ 
ature  are  given  in  Figures  86  and  88  for  FM-5014  and  MX-4926  respectively. 

The  conductivity  data  applicable  to  any  ablation  problem  are  extrapolated  from  the 
data  of  Figures  86  and  88  by  correcting  the  "dense"  material  solid  conductivity,  K6 , 
for  pyrolysis  generated  porosity  and  adding  the  radiation  component,  K  'q  at  each 
temperature  point  desired.  The  equation  used  for  0  and  90  degree  ioyup  angle,  $, 
material  is: 


V 


1-Xp£ 


1 


tc 


:»♦ 


'0 


where: 

fi- 


tc 


Pore  shape  factor; 

4/5  for  0  s  0°  layup  angle, 
1/8  for0~  90e  layup  angle 

Final  char  porosity; 

0.31  for  FM-5014 
0.45  for  MX-4926 

Pyrolyzed  resin  fraction 


(7,  page  149) 


4 


Voluei  of  the  pyrolyzed  resin  fraction  term,  Xp,  versus  temperoture  for  typioal 
applications  of  these  materiols  are  giver  in  Figure  83.  They  may  also  be  obtained 
from  applicable  computer  results.  Ideally,  this  entire  data  correlation  would  be 
incorporated  directly  into  in-depth  ablation  computer  programs  to  insure  that 
values  of  conductivity  corresponding  to  the  instantaneous  state  of  the  material 
were  used.  The  desired  K  versus  T  curve  in  the  pyrolysis  zone  is  different  for  each 
different  heating  rate  encountered  as  illustrated  in  Figure  84.  Due  to  irreversible 
temperoture  dependent  pyrolysis  and  graph itizati on,  conductivity  values  versus 
temperoture  applicable  to  cooling  or  reheating  in  the  char  are  different  than  for 
initial  heating;  each  level  of  permanent  change  gives  an  individual  curve  appli¬ 
cable  to  these  periods  as  illustrated  in  Figure  84,  86,  and  88.  The  above  equation 
must  also  be  applied  to  the  cooling  curve  data. 

To  obtain  conductivity  data  for  intermediate  layup  angles,  0,  the  results  for  both 
0  and  90  degree  layup  angles  obtained  from  the  above  equation  are  combined  in 
the  following  relationship: 

K(-  Kofi 


The  results  obtained  are  assumed  to  apply  for  all  cloth  orientations  within  the 
laminate  plane.  This  layup  angle  correlation  applied  for  all  cases  except  for  layup 
angles.obove  45  degrees  in  the  virgin  or  pyrolysis  zones,  where  substitution  of  sin  0 
for  sinx0will  give  better  fit  to  the  experimental  data. 

The  thermal  conductivity  results  show  that  low  layup  angles  relative  to  the  char  surface 
gave  substantially  lower  conductivity  versus  temperature  due  to  the  lower  virgin 
thermal  conductivity,  more  conductivity  decrease  due  to  pyrolysis  generation  of 
porosity  and  little  conductivity  increase  (a  decrease  in  MX-4926)  from  internal 
"graphitization.  "  The  effect  of  "graphitization"  was  the  greatest  in  MX-4926,  sub¬ 
stantially  increasing  the  conductivity  at  high  temperatures  in  the  laminate  direction. 

Specific  heat  was  obtained  on  virgin  and  Zone  I  furnace  char  samples  of  both  materials 
and  on  corresponding  samples  from  the  MX-4926  nozzle  char.  Specific  heat  was 
determined  from  entholpy  measurements  in  a  Bunsen  ice  colorimeter  to  better  th«i  i.5% 
accuracy  and  results  on  furnace  chars  and  nozzle  chais  agreed  well.  Virgin  material 
specific  heats  were  higher  than  the  low  temperature  specific  heats  of  "graphitjzed" 
mature  char  as  shown  in  Figures  93  and  94.  High  tempe  rafure  char  specific  heats 
were  near  those  for  graphite.  Third  Older  equations  for  enthalpy  and  specific  heat  as 
a  function  of  temperature  for  both  virgin  ond  charred  material  were  established  for  use 
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in  ablation  computer  programs.  Values  for  the  pyrolysis  zone  may  be  considered 
as  intermediate  between  the  average  of  char  values  crid  virgin  values  with 
corrections  for  the  amount  of  pyrolysis. 

Linear  thermal  expansion  was  measured  in  the  laminate  and  crossply  directions  of 
the  virgin  zone  and  Zone  III  and  *  furnace  chars  of  both  materials  and  on  correspond¬ 
ing  samples  from  the  MX-4926  nozzle  char.  Permanent  dimensional  changes  were 
obtained  in  all  expansion  cycles  on  both  nozzle  and  furnace  chars  regardless  of  the 
maximum  test  temperature.  Thermal  expression  did  not  behove  systematically  so 
no  general  correlation  was  possible.  Comparison  of  measured  thermal  expansion  and 
the  pyrolysis  shrinkage  occurring  in  furnace  char  production  showed  crossply  shrinkage 
to  be  the  largest  thermally  induced  dimensional  change. 
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SECTION  III 


MATERIALS 


COMPONENT  DESCRIPTION 

All  ablative  materials  studied  on  this  program  were  high  density  carbon  or  graphite 
reinforced  phenolic  laminates  provided  by  the  Air  Force  after  component  test  firing. 
Two  were  charred  throat  sections  taken  from  120-Inch  solid  propellant  boosters, 
specifically:  Flberlto  MX-4926  phenol !c-carbon  from  a  1 20-SS-1  motor.  Figure  1, 
and  U.S.  Polymeric  FM-5014  phenoltc-gr<q>hlfe  from  a  Titan  3C-10  motor.  Figure  2. 
The  third  ablator,  U.S.  Polymeric  FM-5055A  phenol Ic-grtphlte,  represented  material 
for  reentry  vehicle  applications.  Details  of  these  samples  are  furnished  In  Table  I. 

The  FM-5014  phenolic-graphite  charred  nozzle  sections  were  large  enough  to 
provide  all  of  the  virgin  material  needed  for  thermal  property  test  specimens  but 
additional  virgin  MX-4926  phenolic-carbon  material  was  required.  This  additional 
material  was  obtained  from  Thompson-Ramo-Wooldridge  and  from  Fiberlte. 


MANUFACTURER'S  DESCRIPTION  -  PREPREGS 

All  preprejp  consisted  of  woven  cloth  reinforcement  Impregnated  with  a  carbon 
filled  phenolic  resin  per  MIL-R-9299.  Table  II  lists  the  range  of  values  for  the 
lots  used  to  manufacture  all  of  the  Items  used  in  the  program. 


MATERIAL  SPECIFICATION  -  FABRICATOR 

Table  III  lists  the  material  specifications  used  by  the  original  fabricators  of  the 
charred  ablators  provided  by  the  USAF  . 


FABRICATION  PROCEDURES 
MX-4926 


Nozzle  Conqsonent 

The  prepreg  hq>e  was  bias-wrapped  on  a  cylindrical  mandrel  with  a  startlng-rlng 
surface  Inclined  75  degrees  to  the  nozzle  centerline,  minimum  t^>e  tension  (less 
than  10  lbs.),  and  a  roller  pressure  of  100-300  pounds  per  Inch  of  tqpe  width. 
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FIGURE  2  FM-5014  PHENOLIC- GRAPHITE  ROSETTE  LAYUP  TITAN  3-C 

THROAT  SEGMENT  CHAR  SAMPLE 


TABLE  I  COMPONENT  DESCRIPTION 


r 


U.S.  Polymeric  Gtntral  EIkMc  2"  diamttr  plnm  Art-f l«w  l«t 

FM-5055A  Miaile  &  Spaca  t<uf  modal* .  Spoca-Ganarol 

Phenolic-Graph!  fa  Divliion  Carp. 


TABLE  JL 

MANUFACTURERS'  DESCRIPTIONS  OF  PREPREGS 


Fiberlte  MX -4926 

U.  S.  Polymeric 

U.  S.  Polymeric 

FM-5014 

FM-5055A  j 

fcesin : 

Trade  Name 

Monsanto  SC  1006 

CTL91LD 

CTL61LD 

Generic  Name 

Phenolic 

Phenolic 

Phenolic 

Curing  Agent 

None 

Proprietary 

Proprietory 

Resin  Mix 

— 

F-014 

F-014 

Resin  Solids 

31.5-36.5% 

30  -  35.2% 

31-37% 

Filler  or  Resin 
Reinforcement: 

Trade  Nome 

Sterling  R 

US  P-6  (Corb. 

USP-6  (Carb. 

Chemical  Comp: 

Powder) 

Powder) 

Carbon 

99% 

99,5%  min . 

99.5%  min . 

Ash 

— 

0 . 1 0%  max , 

0.10%  max. 

Solid  Density 

g/cm3 

1.9 

— 

Size  Range, 

0.080 

0.01-0.05  7% 

0.01-0.05  7% 

Microns 

0.10-0.40  85% 

0.10-0.40  85% 

0.40-0.70  8% 

0.40-0.70  8% 

Concentration 

6-10% 

12-14% 

12-14% 

Reinforcement: 

Trade  Name 

HITCO-CCA-1 

Union  Carblde-WCA 

HITCO-CCA-1  (1641) 

Generic  Name 

Carbon  fabric 

Graphite  cloth 

Pure  carbon  fabric 

Weave  Type 

8-Homess  Satin 

Square 

8-hamess  satin 

Weight,  oz/sq.yd. 

7.0-9. 0 

7.6 

7. 0-9.0 

Thickness,  Inches 

0.016  -  6.020 

0.025 

0.017-0.023 

Yam  Count 

- 

Warp 

52-58 

26.9 

50-60 

Fill 

47  -53 

22.7 

45-55 

Yam  Construction 

Continuous  Fil . 

— 

— 

Filament/ 

720 

1440 

720 

yam 

Fil.  size,  in. 

0.00035  -  0.00045 

0.0003 

0.00035-0.00045 

Fiber  Density, 

JrvHi 

1.5  (ASTM-C-1 35-61) 

_ 

1.8  -  1.9 

- 
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TABLE 


PREPREG  MATERIAL  SPECIFICATIONS 


Volatile 

Content 


Specific 

Gravity 


Viscosity 

Index 


Infrared 

Polymer¬ 

ization 

Index 


Weight  Lots  on 
Pyrolysis  to  1200*C 


Weight  Loss 
20  Min.  @320#F 


150  psi 


ASTM  D-792-50 


ASTM  D -790-6 17 
psi 


2-7% 


1.40  Min. 


1 .8-2.8 


30,000  Min. 


MX -49  26 
Phenolic  Cerbon 


31.5-36.5%  30.4-35.2% 


4-8%  3. 2-3. 5% 


1. 1-8.0% 


1 .41  Min. 


FM-5055A 
Phenolic -Carbon 


35.6% 


17.4% 


1 .49-1 

.70% 

45  Min. 

17,000 

Min . 

9,500 

Min. 

1,700 

Min. 

Procurement  1 
Specification 

1 

Thompson-Ramc- 

Wooldridge 

WS  - 1 048 A , 

Type  1,  Class  2 

H .  1 .  Thompson  I 

ECO-5224 

UTC-4MDS-40721A, 

Class  1 

infrared  per 

4MDS-91605, 

para.  4.4.1 
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Top*  temporahjre  was  controlled  to  optimize  tcck  characteristics  daring  wrap-* 
ping.  An  overwrap  of  U.S.  Polymeric  FM-5131  phenolic-silica  was  applied 
for  additional  structural  support.  Processing  sequences  follow: 

1 .  Wrap  bias  tape  onto  mandrel. 

2.  Seal  in  rubber  bag. 

3.  Preform  in  hydroclave;  pressure  1000  psi,  hold  temperature  at  163*F  for 
six  hours,  then  reduce  to  room  temperature  at  a  rate  of  100*F  per  hour. 

4.  Machine  outer  surface  to  interface  dimensions. 

5.  Apply  FM-5131  phenolic-silica  overwrqp.  Use  two-inch  wide  tape 
parallel  to  outer  surface  and  same  wrap  technique  as  phenolic-carbon. 

6.  Seal  In  rubber  bag. 

7.  Cure  in  hydroclave;  pressure  1000  psi  and  temperature  185*F  for  nine 
hours,  then  temperature  32C*F  for  13  hours,  then  reduce  to  room  temper¬ 
ature  at  a  rate  of  100*F  per  hour. 

8.  Finish  machine  to  outside  diameter. 

9.  Inspect  radiographically  for  flaws. 

10.  Bond  nozzle  to  steel  shell  with  epoxy  adhesive  Epon  9)3, 

11.  Remove  mandrel . 

12.  Machine  interior  contour  of  throat. 

The  carbon  component  showed  the  following  test  properties  on  sections  taken  from 
end  test  rings: 

Characteristic 
Specific  Gravity 
Volatiles 

Acetone  Extractables 
Interlaminar  Shear  Strength 
Edgewise  Compression 
Strength 

Radiographic  inspection  by  radial  shots  along  the  angle  of  the  plies  showed  no 
indications  of  unsound  sections. 

Virgin  Material  Blocks 

TRW  Blocks 

Thompson -Ramo- Wooldridge  determined  that  the  MX-4926  prepreg  remaining 
from  the  nozzle  program  still  met  the  material  specification,  WS  I048A  Type  I 
Claes  2.  NASA  released  the  prepreg  for  use  in  this  program  and  TRW  molded 


Standard  Average  Test  Value 
1.38  min.  1.45 

3,0%  max.  2.18% 

1.0  max.  0.14% 

iOOOpsimin.  1, OX  psi 

No  standard  36,200  psi 
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two  blocks,  duplicating  the  original  nozzle  cure  cycle  at  closely  as 
possible.  The  blocks  were  molded  from  MX-4926  lot  A-430  roll  No.  4 
which  had  the  following  properties: 


Resin  Solids 

33.3% 

Volotile  Content 

4.9% 

Laminate  Flow 

4.9% 

Infrared  Polymerization 

Index 

1.0% 

These  blocks  were  used  to  produce  virgin  and  furnace  charred  thermophysical 
property  specimens,  since  they  best  reproduced  the  nozzle  material  in  both 
prepreg  characteristics  and  final  cured  density. 

The  cure  cycle  for  the  TRW  blocks  follows: 

1.  Place  laminate  in  press  (vacuum  bag  maintained  at  26.6  inches  Hg). 

2.  Apply  200  psi  pressure. 

3.  Raise  temperature  to  185*F  (approximately  20  minutes). 

4.  Hold  for  90  minutes . 

5.  Raise  pressure  to  780  psi . 

6.  Raise  temperature  to  320*F  (approximately  1  hour). 

7.  Hold  for  19  hours. 

8.  Reduce  temperature  to  85*F  in  3.5  hours  under  7 80  psi  pressure. 

9.  Remove  Iwtninate  from  press. 


The  TRW  laminated  blocks  possessed  the  following  properties: 


Property 

Nominal  Minimum  Size,  in. 
Ciatn  Warp  Direction 
Specific  Gravity 
Acetone  Extractcbles 
Alcohol  Penetrant  Inspection 


Block  A 
9x8x4 
Long  Dimension 
1.45 
0.32% 

No  Indication 


Block  B 
12  xS  x  5 
Long  Dimension 
1.46 
0.15% 

No  indication 


Fib  rite  Blocks 


Since  Insufficient  virgin  materiol  molded  from  the  original  prepreg  was  available 
for  all  laboratory  char  production  trials,  additional  laminate  blocks  of  virgin 
MX-4926  reproducing  the  nozzle  material  at  Elosely  as  possible  were  purchased 
from  Fiberite  Corporation.  The  two  Flbcrife  laminate  blocks  were  8.5  x  9  #  4 
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inches  with  overoge  densities  of  1.51  g/cm  .  Since  this  density  was  higher 
then  the  nozzle  material/  these  blocks  were  used  only  for  laboratory  char 
production  trials.  The  block;  were  molded  from  MX -4926  lot  C-412,  roll 
No,  1  which  hod  the  following  properties: 

Resin  Solids  35.1% 

Volatile  Content  5.3% 

Laminate  Flow  at  4.7% 

1  SC  psl 

The  cure  cycle  for  the  Fiberite  blocks  follows: 

1 .  Vacuum  bag  56,000  grams  of  precut  10.5  x  1 1  inch  plies  of  MX -4926. 

2.  Place  in  hydroclave  and  draw  full  vacuum. 

3.  Increase  hydroclave  pressure  to  1000  psi. 

4.  Increase  temperature  100*F  per  hour  to  185®F. 

5.  Hold  ut  185*F  far  15  hours. 

6.  increase  temperature  100*F  per  hour  to  320*F. 

7 .  Hold  at  320*F  for  1 3  hours . 

8.  Cool  dovwi  100*F  per  hour  under  pressure, 

9.  Remove  part  and  vacuum  bag. 

FM-5014  Nozzle  Component 

U.  S.  Polymeric  FM-5014  phenolic-graphite  fabric  wus  molded  in  nozzle  ring  sec¬ 
tions  by  H.  I.  Thompson  Company  (HITCO),  Gardena,  California, 

The  throat  section  of  the  nozzle  was  produced  by  hand  rosette  layup  of  ring  sections, 
each  with  a  flnol  thickness  of  4  Inches  in  the  nozzle  axial  direction.  The  hand  lay¬ 
up  was  done  in  a  female  mold  using  prepreg  segments  cut  to  a  pattern  that  resulted 
hi  each  ply  extending  for  approximately  90  degrees  around  the  nozzle  ring  segment  ri 
a  plane  extending  fmm  edge  to  edge  in  the  nozzle  axial  direction  and  intersecting 
both  the  inside  and  outside  surface  of  the  ring.  Viewed  with  the  nozzle  cross  section 
in  a  horizontal  plane,  the  edge-to-ege  slope  of  the  laminate  plane  was  5  to  10 
degree^,  extending  clockwise  from  top  to  bottom,  initial  patterns  were  laid  on  a 
sloped  block  which  was  removed  and  replaced  with  prepreg  plys  when  the  layup 
sequence  around  the  ring  s action  returned  to  the  starting  point.  The  finished  hand 
layup  extendi  above  the  mold  surface.  The  prepreg  patterns  were  out  randomly  from 
the  broodgoodi  far  maximum  utilization  of  material,  so  that  yam  orientations  in  the 
final  part  are  random.  The  processing  sequence  Is  described  by  HITCO  ca  follows: 

1.  Cut  layup  patterns  from  broodgoodi,  package  In  moisture  resistant  film  with 
identifying  pattern  number  arid  store  until  used. 


> 

2.  Cleon  mold  and  apply  release  agent. 

3.  Layup  precut  patterns  in  a  clockwise  direction  (mold  horizontal),  main¬ 
taining  a  consistent  hiyuo  density  throughout  that  will  insure  a  5*  to  10* 
face-to-face  orientation  of  the  cured  ring. 

4.  Vacuum  bag  layup  assembly  and  preheat  in  circulating  air  even  for  a 
maximum  of  95  minutes,  depending  on  temperature,  at  160  to  200*F. 

5.  Mechanically  compress  (debulk)  the  preheated  layup  assembly  in  a  cold 
press  by  alternately  opening  and  closing  the  press  followed  by  holding 
under  pressure  until  the  surface  temperature  is  below  1 10*F. 

6.  Preheat  the  assembly  in  a  vacuum  bog  at  26  inches  Kg  vacuum  to  over  170*F 
In  2  1/2  hours,  then  apply  300  psi  autoclave  pressure  and  maintain  both 
pressure  and  vacuum  during  c  30  minute  hold  at  temperature  fallowed  by  a 
3-hour  cool  down  to  below  100*F. 

7.  Hydroclave  cure  the  debuiked  assembly  in  vacuum  bag  held  at  more  than 
24  inches  Hg  initial  vacuum  and  no  more  than  12  inches  Hg  above  initial 
value  throughout  the  cure.  Raise  temperature  to  170  to  210*F  at  200  psi 
maximum  end  maintain  for  130  minutes  maximum.  Raise  pressure  to  1000 
450  psi  and  then  raisb  temperature  to  290  to  340*F;  maintain  temperature 
for  150  to  240  minutes,  and  cool  to  125*F  maximum  before  increasing 
pressure . 

8.  Remove  cured  billet  from  layup  mold  and  postcure  in  circulating  air  oven 
ot  275  4  20*F  for  18  4  2  hours,  followed  by  cooling  to  200°F  maximum 
before  removal  from  oven . 

9.  Package  billet  to  protect  from  moisture  and  dirt  until  machining. 

10.  Machine  billet  in  following  sequence: 

a.  Machine  diameters  . 

b.  Cut  24  core  specimens  and  12  dust  samples  for  quality  inspection. 

c.  Machine  billet  top  surface. 

d.  Machine  billet  bottom  surface. 

The  phenolic  grephite  ring  sectien  for  which  records  were  provided  showed  the 
following  properties  on  six  core  specimens: 

Characteristic  Test  Method  Standard  Test  Values 

Density  ASTM  D-792  88  lb/ft3  min.  89.7-90.3  lb/ft3 

Volatiies  4  MDS  91605  44.8  3%  max.  2.8-2.9% 

Interlaminar  Shear  Strength  FTMS  406-1041  1500  psi  min.  3, 599-4,935 psi 

Degree  of  Cure  ASTM  D -494  99.5%  min.  99,9% 

Final  inspection  of  the  ring  segments  determined  that  billet  density  was  above  88 
ibs/Fr  and  that  dimensional,  radial  and  flat  radiogrcphic,  and  alcohol  penetration 
tests  were  passed . 
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PM  -5055A  Plasrro  Test  Specimens 


The  U.  S.  Polymeric  FM-5055A  phenolic  carbon  plasma  test  samples  provided  by 
the  Air  Force  had  been  machined  by  Aerospace  Corporation  from  a  block  provided 
by  General  Electric  Company,  MSD,  Philadelphia,  Pennsylvania.  Seven  right 
cylinder  models,  with  the  circular  test  face  parallel  to  the  laminates,  were 
exposed  to  a  simulated  reentry  environment  at  Space  General  Corporation,  Ei 
Monte,  California,  to  produce  the  chars  for  characterization.  Pictures  of  the 
models  before  and  after  test  and  a  discussion  of  the  plasma  tests  are  given  in 
Reference  22  • 

The  7  1/4”  x  6  5/13”  x  2  5/8"  block  from  which  ail  plasma  test  samples  were  obtained 
was  molded  from  FM-5055A  prepreg  loc  C-6845,  roil  No.  17  with  the  following 
properties: 

Resin  Solids  35.6% 

Volatile  Content  4.5% 

Flow  17.4% 

The  molding  cycle  was  as  follows: 

1 .  500  psi  at  300*F  for  5  minutes 

2.  Reduce  to  zero  pressure  at  300*F  for  30  minutes 

3.  Raise  pressure  to  1000  psi  at  300*F  for  60  minutes 

4.  Post  cum  material  at  250*F  for  16  hours 

The  plasma  test  models  were  mochined  from  the  block  by  conventional  methods,  except 
that  all  cutting  was  done  dry  to  avoid  contamination  of  the  material. 
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SECTION  IV 


CHAR  CHARACTERIZATION  METHODS 


Methods  of  char  characterization  were  developed  for  defining  mlerostructural  and 
chemical  compositional  features  of  charred  ablators  as  a  function  of  depth  and  prior 
thermal  history.  These  methods  enabled  correlating  furnace-produced  char^used 
In  thermophysical  property  measurements/to  real  chars.  An  X-ray  density  measure¬ 
ment  technique  provided  a  continuous,  nondestructive  measurement  of  the  varia¬ 
tion  of  density  with  depth  in  ablation  chars  and  nondestructive^  verified  the 
uniformity  of  furnace  chan.  Photomicrography,  X-ray  diffraction,  density  and 
porosity  techniques  delineated  microstructure  end  areas  of  graphitization .  Thermo- 
gravimetric  (TGA)  and  elemental  chemical  analyses  were  used  !o  determine  the 
amounts  of  residual  resin  while  differential  thermal  analyses  (OTA,  indicated  the 
thermal  stability  of  the  chars.  Computer  predictions  of  density  end  temperature 
throughout  the  ablator,  including  the  cooldown  period,  were  transformed  to  func¬ 
tions  of  depth  in  the  final  ablation  chars  to  relate  observed  characteristics  to 
temperature  history.  These  predictions  showed  thot  the  major  density  and  resin 
content  gradients  in  chars  from  ablated  specimens  were  formed  during  cooling  but 
also  identified  the  char  characteristics  resulting  only  from  tho  period  of  heat  up  and 
steody  state  ablation. 

Characterization  as  a  function  of  depth  in  the  post-test  chars  enabled  delineation 
of  the  major  oblation  zones  in  each  char  as  foHows: 

1 .  Tha  virgin  zone,  where  no  pyrolysis  has  occurred. 

2.  Tne  pyrolysis  zone,  where  phenolic  resin  pyrolysis  occurs  leaving  the 
major  density  and  resin  content  gradients, 

3.  The  mature  char  zone,  where  resin  pyrolysis  is  complete  but  redepo¬ 
sited  hydrocarbon  material  may  exist. 

The  mature  char  zone  is  further  subdivided  into: 

Zone  I,  A  “grophitized"  mature  char  zone  at  the  surface 

Zone  II,  An  "ungrophitlzed*  intermediate  mature  char  zone 

Zone  III,  A  zone  of  nearly  complete  pyrolysis  at  the  boundary  between  the 
mature  char  and  pyrolysis  zones, 

which  are  reproduced  by  charring  virgin  material  in  a  furnace  to  yield  the  speci¬ 
men.  for  thermophysical  property  measurements.  These  subdivision* ore  described 
below  am  in  Section  VIII.  loth  characterization  and  thermophysical  property 
result*  arc  discussed  in  terms  df  char  zdnes'l,  II,  end  III, 
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CHAR  SAMPLING 


The  sampling  sequence  for  each  post-test  ablation  char  was  established  to  insure 
maximum  utilization  of  material  and  good  resolution  of  property  variation  with 
depth.  Sampling  of  120-inch  nozzle  sections  was  based  on  char  columns  approx¬ 
imately  one  inch  square  which  provided  sufficient  surface  size  end  bulk  quantities 
when  increments  were  taken  at  O.Mnch  depths.  The  0.1 -inch  increment  was 
based  on  photomicrographic  observations  on  the  post-test  nozzle  chart  but  after 
the  Radocon  X-ray  density  survey  technique  was  developed,  increments  were 
varied  to  obtain  maximum  resolution  of  property  variations  in  areas  exhibiting  a 
steep  density  gradient  such  as  the  pyrolysis  zone.  This  approach  enabled  obtain¬ 
ing  ail  required  characterization  samples  with  good  depth  resolution  on  a  single 
colurm  of  material  from  the  small  plasma  test  sample  of  the  FM-5055A  material. 

Sampling  of  each  post-test  char  is  described  below.  Samples  are  coded  to  provide 
location  references  for  all  data.  Rough  sample  cuts  were  made  with  a  carbide  sow 
and  fine  cuts,  with  a  diamond  saw.  All  cuts  were  made  dry  to  avoid  contamina¬ 
tion  of  the  samples. 

MX-4926  Char  Sampling 

Figures  3  through  5  illustrate  the  specimen  locations  in  the  MX-4926  nozzle 
material.  Radial  colurrxis  on  upstream  faces  of  segments  are  designated  by  a  W 
series  of  numbers  and  char-layer  depths,  by  an  H  series. 

The  one-inch  thick  segment,  ll-C  between  axial  stations  L5  and  L6,  was  selected 
as  the  throat  sample  for  the  analyses  because  it  was  located  at  the  crown  of  the 
char  surface  and  represented  the  location  of  minimum  throat  area  in  the  nozzle. 

The  char  surfaces  and  char  zone  layers  were  found  to  be  parallel  to  the  silica- 
phenolic  base  in  segment  ll-C;  therefore,  char  layer  depth  specimens  (H  series) 
were  cut  parallel  with  the  base  for  machining  accuracy  on  columns  W-2  and  W-3, 
as  shows  in  Figure  5. 

Radial  plane  photographic  sialyses  were  made  of  the  D*rodio|  plane  from  excess 
material  adjacent  to  W-1 .  Column  W-4  was  used  for  initial  X-ray  transmission 
analyses,  ultra-thin  section  photographic  analyses,  and  electron  mlc-oprobe  ele¬ 
mental  analyses.  Subsequently,  column  W-1  and  a  downstream  segment  from  half 
II  between  stations  L6  and  L7  were  used  for  Radocon  X-ray  transmission  analyses. 
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MX  4926  Charred  Rocket  Nozzle 
Ablator  Surface  From  Aerojet 
Motor  120-SS-l,  Throat  Specimen 
ll-C  At  Length  Stations  L-5  to  L-6 


FIOUM  4  MX-4926  CHAR  THROAT  SAMPLE  LOCATIONS  OF  RADIAL  SEGMENTS 
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FIGURE  5  MX -4926  CHAR  THROAT  DEPTH  SPECIMEN  LOCATIONS 
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FM-5055A  Phenolic -Carbon 


Only  on*  of  the  plasma  test  mod*li  displayed  reasonably  flat  laminations  and 
uniform  sld*-to-sld*  density  suitable  for  meaningful  characterization.  The 
characterization  of  this  model  required  eliminating  the  mercury  porosimeter  tests, 
using  minimum  sorrel*  sizes,  and  proper  sequencing  of  all  other  characterization 
tests. 

Rodocon  X-ray  determinations  of  the  density  profile  on  0. 75-Inch  wide  slices 
from  the  center  of  the  plasma  test  specimens  provided  the  basis  for  selection  of 
uniformly  charred  material  for  characterization .  Radocon  data  for  the  most  uni¬ 
form  plasma  test  model.  Number  2C,  is  shown  In  Figure  31 .  The  X-ray  density 
surveys  showed  significant  side-tc  variation  In  final  char  density  caused  by 
two  factors:  uneven  interlaminar  :  ns  Iona  I  changes  and  delamlnations,  and 

uneven  fabrication  of  the  original  block.  The  laminations  were  so  nonuniform, 
even  in  the  virgin  material,  that  a  ply  across  the  2-inch  diameter  might  curve  up 
0.25  inch  at  one  end  and  down  0.25  inch  at  the  other.  Radocon  testing  identi¬ 
fied  only  model  Number  20  as  suitable  tor  characterization.  The  X-ray  density 
profile  also  guided  the  sectioning  illustrated  in  Figure  6. 

The  sections  shown  in  Figure  6  were  utilized  to  provide  tangles  for  all  tests. 
Reflected  light  photomicrographs  were  obtained  on  the  vertical  face  of  the  un¬ 
sliced  portion  of  the  slab.  X-ray  diffraction  measurements  and  electron  beam 
microprobe  analyses  were  mad*  on  the  slice  surfaces.  Dry  bulk  density  and 
helium  pycnometer  penetrated  porosity  were  determined  on  the  0.75-Inch  square 
test  portion  of  each  slice.  Each  slice  test  portion  was  then  ground  and  the  powder 
was  proportioned  among  the  thermal  and  elemental  analyses. 

FM-5014  Phenolic-Graphite 

Figures  7  and  8  Illustrate  the  specimen  sample  locations  on  the  FM-5014  nozzle 
material.  Figure  7  shows  the  long  nozzle-segment  configuration  comprised  of 
successive  canted  blocks.  The  downstream  portion  of  Block  B  was  located  at  the 
crown  of  the  char  surface  with  respect  to  the  outer  cylindrical  surface  and  repre¬ 
sented  the  minimum  diameter  nozzle  throat  area  location. 

An  outward  warp  on  the  downstream  face  of  Block  B  was  machined  flat  to  make  a 
reference  surface.  Throat  sarr^>le  section  S-i  was  cut  to  a  uniform  thickness  of 
1.10  inches.  Radial  plane  lines  were  then  established  on  the  faces.  Radial 
column  widths  between  radial  planes  are  denoted  by  a  W  series  of  numbers  and 
char-layer  depths  by  an  H  series,  as  In  the  MX-4926  material. 
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W-4  Thin  Sections  A,  B,  4  C 


FIGURE  t 
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8-1  Plane 


FM-5014  CHAR  THROAT  RADIAL  SEGMENTS  AND  DEPTH 
SPECIMEN  LOCATIONS 


Column  W-l  was  used  for  photographic  analysis  of  the  1-1  radio!  plan®.  Columns 
W-2  ond  W-3  were  used  for  char-layer  depth  samples.  Ultra-thin  section  photo¬ 
graphic  analyses  and  electron  mkroprobe  elemental  analyses  were  conducted 
on  Column  W-4. 

Segment  W-5  of  Section  6-1  was  used  for  Radocon  X-ray  transmission  analyses. 

The  two  radial  columns  W-2  and  W-3  were  sectioned  differently  for  char-layer 
depth  samples.  Column  W-2  char-layer  specimens  were  cut  parallel  to  the  char 
surface  and  column  W-3  char-layer  specimens  were  cut  parallel  to  visual  char 
layer  zones  in  order  to  obtain  true  char  zone  data.  Measurements  an  t  action  B-l 
and  cm  initial  one-power  photomacroc  aph  of  the  1-1  radial  plane  indicated  that 
the  char-surface  plane  sloped  doswvwi  J  in  the  upstream  direction  at  an  81*  angle 
with  die  face  planes.  Visual  char-zone  layers  were  parallel  with  the  char  surface 
to  only  about  a  0.3-inch  depth;  below  a  0.4-inch  depth  char  zones  were  parallel 
wirh  the  outer  cylindrical  surface  at  an  85*  angle  with  face  planes  (4*  angle  with 
char  surface). 

PHOTOMICROGRAPHY 

This  method  was  used  initially  to  estimate  char  zone  depths,  the  thickness  and 
depth  requirements  for  char-zone  samples,  and  the  condition  of  material  in  char 
zones.  In  characterization,  it  was  used  to  confirm  the  spatial  arrangement,  phases 
present,  void  dimensions,  and  general  orientation  of  the  various  phases. 

Photomacrographs,  1  to  2.5  power,  were  mode  under  reflected  light  on  planar 
polished  surfaces  of  both  unpotted  end  Marglas  epoxy  resin  vocuum  potted  specimens. 
Photo  micrographs  with  the  Zeiss  Ultras -i*.t  li  Metailograph,  2.5  to  2500  power, 
utilized  potted  ond  polished  planar  vis,..*,  with  reflected  light  for  conventional 
detail  end  polarized  light  for  anl»P*rpplc  effects  such  as  internal  graphitization . 

Th  in  lectttms  were  made  by  fhinn.'n/,  potted  planar  sections  to  the  thickness  of  the 
specimen  component  viewed  (e.g.,  a  cloth,  yam,  or  fiber  thickness  dimension;. 
Reflected  ond  transmitted  light  were  used  separately  ond  in  combination  on  thin 
section  photomicrogrqshs. 

Special  emphasis  was  placed  on  differentiating  crystalline  from  amorphous  material 
by  reflection  characteristics  under  polarized  light.  The  high  magnification 
obtained  with  the  Ultraphot  makes  the  primary  zones  of  chor  graphitization  ditcem- 
able.  Since  crytta’Mne  particles  can  have  dimensions  much  less  than  one  micron, 
all  crystal1'-;#  eod?5n  cannot  be  seen  using  optical  techniques. 
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DENSITY  AND  POROSITY  ANALYSIS 


Density  and  porosity  are  considered  as  combined  characteristics  that  affect  both 
thermoph/sical  and  thermo  mechanical  properties/and  thermal  conductivity  proved 
to  be  very  dependent  on  density/porosity  characteristics.  Direct  measurements 
of  densities  and  porosities  provided  the  primary  data  and  the  calibration  for  the 
Radocon  X-ray  transmission  analysis  of  density  profile  developed  on  this  program. 

The  particular  density  obtained  is  a  function  of  the  method  used  to  measure 
sample  volume.  The  total  sample  volume.  Including  all  voids,  gives  the  apparent 
Po.  Since  both  weight  and  volume  data  were  usually  obtained  on  dried  samples, 
the  term  Pod,  apparent  dry  density,  is  used  for  dried  samples.  Solid  densities, 
t  l,  aro  bared  on  the  weight  and  the  solid  volume  of  dry  powdered  somples  as 
determined  in  the  gas  pycnometer.  Powdering  the  sample  is  assumed  to  eliminate 
all  closed  porosity.  Gas  pyanometer  determinations  of  solid  volume  on  dry  bulk 
samples  yield  Pat  •  apparent  solid  volume,  since  the  volume  of  closed  porosity  is 
Included. 

Porosity  data  was  obtained  at  porosity  fraction,  (  ,  from  density  data  by  the 

relationships; 


'  -  PJ>. 

0) 

•  -'■.A. 

(2) 

(  t  is  total  porosity  bated  an  true  solid  density,  p  ,  and  {  0  is  open  porosity 
consistent  with  its  calculation  based  on  apparent  solid  density,  pQ „  that 
includes  closed  pores.  Closed  porosity,  £  c,  Is  simply  the  difference  between  £ f 
and  £  0.  Porosity  fractions  measured  directly  by  mercury  penetration  are  desig¬ 
nated  as  penetrated  porosity,  {p. 

Direct  Density  <md  Porosity  Measurements 

Apparent  dry  densities,  pgj,  apparent  solid  densities,  pM,  and  open  porosity 
fractions,  {  0,  were  determined  for  sliced  specimens  and  blocks  before  their 
usage  In  other  tests. 

Apparent  dry  densities.  ).3  percent  precision  were  calculated  from 

weight  aid  dimensional  n.  .snts  on  the  dried  char  depth  slices.  Most  of  the 

direct  density  measurement*  were  made  on  oven  dried  (15Q*F)  and  vacuum  outgassed 
samples.  It  was  found  early  in  the  program  rhot  the  charred  materials  were  Sygro- 
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scopic  and  had  to  be  dried  to  obtain  reproducible  data.  Before  drying  a  mass 
spectrogranhic  survey  of  the  entrained  volatiles  was  run  to  establish  that  only 
water  was  being  eliminated. 


Solid  volumes  of  both  bulk  and  ground  samples  for  the  calculation  of  p0i  and 
Pt  were  determined  in  a  Beckman  Model  930  gee  pycnometer.  Initial  tests  with 
air  for  MX-4926  char  were  unsuccessful  due  to  absorption  of  moisture  during  the 
compression  cycle.  Outgassing,  desiccator  storage,  and  three  helium  purges 
were  required  to  obtain  reproducible  results  on  ail  three  charred  materials. 
Accuracies  of  and  P$  were  estimated  at  3  percent,  based  on  the  solid  vol¬ 
ume  determination. 

Total  penetrated  porosity  fractions,  (  ,  including  all  open  porosity  with  open¬ 
ings  between  0.0!  and  100  microns  in  diameter  were  determined  by  mercury  pene¬ 
tration  with  the  Aminco- Winslow  15,000  psi  porosimeter.  Photomicrograph ic 
analysis  had  indicated  that,except  for  complete  deiaminations,  the  pore/micro¬ 
crack  diameters  were  below  the  100  micron  upper  limit  of  this  technique.  Deter¬ 
mination  of  approximate  pore  size  distribution  by  porosimetry  provides  data  needed 
for  detailed  correlations  of  char  thermal  conductivity  data  end  for  use  in  analysis 
of  internal  gas  flow  and  pressure  build-up  during  ablation,  Wien  the  data  is  used 
for  these  purposes,it  should  be  correlated  with  the  photomicrographs  showing  pore 
shapes  and  sizes  relative  to  the  sizes  of  pore  openings.  The  amount  of  mercury 
penetration  vs.  pressure  gives  porosity  fractions  as  a  function  of  the  size  of  pore 
openings,  which  may  be  smaller  than  the  pores  themselves. 

X-Ray  (Radocon)  Transmission  Analysis  of  Density  Profile 

The  Radocon  X-ray  transmission  test  provided  a  sensitive  and  rapid  nondestructive 
method  for  establishing  the  density  gradient  in  carbon  or  graphite  reinforced  chars 
since  density  variations  of  0.005  g/cm^  can  be  resolved  in  a  distance  as  small  as 
10  mils  along  any  path  in  material  up  to  l”inch  thick.  This  sensitivity  was  useful 
in  establishing  tha*  important  density  changes  were  being  resolved  by  the  measure¬ 
ments  on  char  slices.  This  nondestructive  test  also  provided  a  method  for  establish¬ 
ing  the  uniformity  of  thermophysical  property  test  samples. 

The  test  facility  ld*av*-i  in  figure  2  utlilceda  Norelco  X-ray  tube,  25  to  150 
KVCP,  with  a  beryllium  vdndow  operated  at  90  KV  and  7.5  millamperes.  Samples 
were  supported  on  c  horizontal  traversing  mechanism  operated  at  2  inches  per 
minute.  The  sensing  system  aperture  was  o  O.T26-inch  thick  lead  sheet  contain¬ 
ing  a  slot  0.012*inch  wide  (in  the  traverse  direction)  and  0.25Hnah  long  (parallel 
with  char  surface)  located  5  inches  below  the  tube  target.  An  unshielded 
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Victoreen  Model  601  imizotion  tube  sensor  was  positioned  directly  below  the  slot. 
X-ray  transmission  I rom  the  tube  sensor  was  received  by  a  standard  Radocon 
Model  575  ratemeter  an*J  transmitted  to  a  Sanborn  char  recorder.  Figure  10 
shows  the  radial  trc^s  orientations  for  the  FM-5014  char  sample,  where  the  sample 
faces  were  sloped  .o  mainfu'n  X-ray  penetration  parallel  to  the  eh  r  surface,and 
Figure  IV  typicr-!  Rodocor.  traces  for  MX -49 26  and  FM-5014. 

An  empirical  calibration  for  obtaining  apparent  dry  density  ,  Pad/  based  on  curves 
of  log  Radocon  readout  R  (Roentgens/minute)  versus  the  product  of  apparent  dry 
density  and  thickness,  pa(j t  (g-inches/cm^)  was  used  for  each  material.  This 
approach  is  similar  to  the  theoretica1  exponential  relationship 

log  R  =  f  (t  2  Xj  PfIMmI)  (3) 

but  avoids  the  necessity  of  determining  the  parameter  X ;  P,;  pmi  (volume 
fraction  •  density  •  X-ray  absorption  coefficient)  for  very  solid  phase  present  in 
the  char  layer. 

This  calibration  method  utilized  the  apparent  dry  densities,  pQj  (g/cm^),  determined 
directly  or  char  depth  slices.  Densities  at  terminol  (virgin  and  extreme  char  surface) 
and  char  zone  inflection  points  (maximum  and  minimum  within  char  layer)  were 
obtained.  Sample  thickness  t(Inches)  and  Radocon  readings  R  were  then  obtained  from 
the  radial  traces  for  charred  materials  at  corresponding  terminal  end  inflection  points 
regardless  of  char  depth  position .  Plots  of  log  R  versus  product  o.t  for  each  mat¬ 
erial  are  showr.  in  Figure  12  independent  Of  char  depth  position.  The  calibration 
obtained  for  MX -4926  was  assumed  to  hold  for  FM-5055A,  since  the  tw  materials 
aro  similar. 

individual  Radocon  traces  were  analyzed  at  char  depth  intervals  corresponding  to 
density  specimen  centerlines.  Products  pac|t, corresponding  to  each  Radocon  number, 
were  obtained  from  the  semi-log  plots  and  divided  by  true  thicknesf,  t,  at  the  char 
depth  location  in  order  to  obtain  Radocon  predicted  denety.  Predicted  density  pro¬ 
files  were  then  plotted  versus  char  depth  location  from  Radocon  traces. 

THERMAL  ANALYSIS 

Thermogravi metric  (TGA)  and  differential  thermal  analyses  (DTA)  of  char  depth  slices 
identified  fully  charred  tayen  end  characterized  the  char  layer  versus  depth  in  terms 
of  thermal  stability.  These  tests,  particularly  TGA,  give  quantitative  characterization 
in  the  pyrolysis  zone  since  the  measured  responses  are  proportional  to  the  amount  of 
incompletely  pyrolyzed  resin  remaining. 


32 


FIGURE  11  TYPICAL  RAD0C0N-SAN80RN  CHART  TRACES  OF  CHAR  DEPTH 


FIGURE  12  EMPIRICAL  CORRELATION  OF  X-RAY  TRANSMITTANCE,  R, 
VERSUS  THE  CHAR  DENSITY-THICKNESS  PRODUCT,  9a » 


Dynamic  TGA's  of  0,5  gram  samples  were  run  in  helium  to  1900*F  at  a  constant 
heating  rate  of  10*f^minute  in  a  Stanton  Thermobolance.  The  data  It  reduced  to 
tabular  form  for  concise  presentation  by  tabulating  the  nodes  or  temperature 
points  denoting  changes  in  rate  of  weight  loss.  Relative  thermal  stabilities  of 
char  slices  are  indicated  primarily  by  total  weight  loss  end  secondarily  by  the 
tabulated  temperature  nodes.  Incremental  weight  iosses  between  nodes  are  alto 
related  to  the  quantity  and  nature  of  residual  resin  or  pyrolysis  deposition  products. 

DTA  tests  on  5  to  15  milligram  sarrpies  were  run  on  a  Stone  Differential  Thermal 
Analyzer  In  air  ond  helium  at  a  constant  heating  rate  of  lS*F/minute  to  1800*F. 
Data  in  the  usual  form  of  microvolt  output  of  the  differential  thermocouple  versus 
temperature  were  obtained  for  the  net  exothermic  events  in  air  otmosphere. 
FM-5055A  material  was  also  run  In  helium,  but  the  endothermic  events  expected 
were  too  small  to  give  meaningful  data.  For  each  discemable  exothermic  event, 
the  initial  temperature,  Ta,  exotherm  maximum  temperature,  Tp,  and  end  temper¬ 
ature,  Tc,  were  tabulated  along  with  the  heat  of  reaction  for  the  event. 

Heat  of  reaction,  AH,  for  each  net  exothermic  event  is  proportional  to  the  area 
under  the  reaction  curve.  Areas  under  exotherms  were  graphically  integrated  by 
pianimeter  measurements  and  were  converted  to  heats  of  reaction  per  unit  weight 
of  sample  (microvolts  ,C/mil!igram)  by  the  following  relationship: 

Tc 

H/W  -  J_  S  (MV)dT  (4) 

w  Ta 

This  DTA  parameter  was  calculated  for  MX-4926  and  FM-5014  chars  to  determine 
its  usefulness  for  characterization  .  The  single  DTA  parameter  most  sensitive  to 
specie*1  locution  in  the  char  was  the  initiol  temperature  of  the  first  exothermic 
event  in  the  air  atmosphere  measurements. 

ELEMENTAL  ANALYSIS 

Quantitative  elemental  analysis  of  major  constituents  (C  and  H)  confirmed  results 
of  other  characterisations  vAlch  depend  on  a  mown  tv  of  hydrocarbons,  particularly 
thermal  analysis,  that  definod  zones  cf  ma‘ure  char,  pyrolysis  product  deposition 
zones,  and  Interior  pyrolysis  zones.  Elemental  analysis  also  provides  a  basis  fof 
partition  of  the  char  at  any  depth  into  the  fraction  of  reinforcemwst  and  residual 
resin.  A  qualitative  analysis  for  signficant  impurities  was  conducted  using  an 
electrom  beam  microprobe. 

The  primary  analysis  method  was  the  microoombu»tion  determination  of  carbon  and 
hydrogen  by  the  method  of  Pregi.  The  difference  between  the  total  mass  and  sum 
of  carbon,  hydrogen,  aid  ash  was  assumed  to  be  oxygen.  Samples  were  first 


thoroughly  oven  dried  and  vacuum  degassed  to  remove  absorbed  water  then  burned 
in  an  oxygen  atmosphere  at  70C*C,  except  for  more  stable  layers  near  the  char 
syrfoce  which  required  a  temperature  of  900“C.  A  standard  of  CgHgNO  was  run 
between  specimen  runs. 

Electron  beam  microprobe  analyses  were  used  mainly  to  detect  the  more  stable 
impurltios  such  at  metals  and  their  oxides  since  the  vacuum  environment  and 
heat  of  the  electron  beam  tend  to  rrive  off  less  stable  components.  Analyses 
were  conducted  on  an  Applied  Research  Laboratories  microprobe  using  oscillo¬ 
graph  readout, 

X-RAY  DIFFRACTION  ANALYSIS 

X-tsy  diffraction  analysis  of  the  surfaces  of  char  depth  slices  provided  a  quan¬ 
titative  measure  of  the  relative  concentrations  of  anisotropic  or  crystalline 
material.  Most  of  this  anisotropy  was  visible  in  polarized  light  photomicrographs. 
This  anisotropy  was  arbitrarily  referred  to  as  "graphltization"  In  this  report, 
through  the  crystal  spacing  intensities  are  far  less  than  for  bulk  graphite,  a-id 
there  is  no  confirmation  of  the  true  graphite  structure  in  the  anisotropic  material. 

X-ray  diffraction  analysis  of  "graph it izat ion  M  produced  chart  recordings  of 
diffraction  Intensities,  I,  in  counts  per  second  versus  diffraction  ongle.  Maxi¬ 
mum  or  peak  intensities  occurred  at  the  angles  corresponding  to  the  two  predomi¬ 
nant  crystal  spacings  for  graphite  and  were  used  as  a  measure  of  graph itizati on . 
Figure  13  shows  typical  char  data  and  corroborating  Debye-Scherrer  diffraction 
pattern  photographs  for«i  MX-4926  char.  The  graphic  determination  of  intensity 
relative  to  the  background  is  also  illustrated.  Diffraction  pattern  photographs 
ore  less  sensitive  measures  of  graphltization,  but  they  verify  the  crystal  spacings. 


COMPUTER  ABLATION  ANALYSIS 

Meaningful  ablator  char  characterization  must  be  related  to  the  density  and  temper¬ 
ature  history  at  that  point  during  ablation  since  ablation  processes  and  rates  depend 
upon  temperature  and  thermophysical  properties  of  the  ablator  at  any  given  time. 

In  addition,  the  maximum  temperature  experienced  establishes  the  maximum  temper¬ 
ature  at  which  thermal  properties  are  required  at  that  point  in  the  char  and  gives 
the  temperature  limits  for  Hie  three  zones  in  the  char  selected  for  reproduction  in 
the  form  of  thermophysical  property  test  specimens. 
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FIGURE  13:  TOPICAL  X-RAY  DIFFRACTION  DATA  FOR  MX4926  CHAR 


SECTION  V 


MX -4926  PHENOLIC  CARBON  CHAR  CHARACTERISTICS 


Characterization  of  the  char  in  the  MX-4926  phenolic  carbon  nozzle  throat 
from  Aerojet-General  Corporation's  7 20— S S  —  T  120-inch  solid  propellant  booster 
provides  a  complete  physical  and  chemical  description  of  the  post-test  ablator  as 
a  function  of  depth.  The  results  are  discussed  in  terms  of  their  variations  within 
and  between  the  major  zones:  virgin,  pyrolysis,  and  mature  char  zones. 

The  data  are  also  discussed  in  terms  of  their  significance  for  the  definition  of  the 
three  subzones  in  the  mature  char  zones  I,  II,  and  1 1  loused  as  the  basis  for  thermo¬ 
physical  properties. 


VISIBLE  CHARACTERISTICS 

Major  char  zone,  char  depth,  and  cloth  layer  orientations  were  defined  by  the 
1.25  power  photomicrograph  shown  in  FigureM  .  Analysis  of  this  plane  to  a 
depth  of  1 .1  inches  using  a  63-power  assembled  strip  photomicrograph  (6  feet  long) 
showed  size  aid  distribution  of  voids,  char  zone  degradation  effects,  and  spatial 
dimensions  of  the  carbon  cloth  matrix. 

Cloth-yam  spatial  dimensions,  cloth  weave  information,  additional  description  of 
voids,  extent  of  char  degradation  and  polarized  light  observations  of  anisotropic 
"graph iti zed 11  portions  of  the  char  were  obtained  on  potted  and  polished  thin  sec¬ 
tions.  Thin  sections  were  made  in  both  yam  directions  in  plcnes  perpendicular  to 
cloth  as  shown  in  Figure  15  .  Because  there  was  no  distinguishable  difference 
between  the  photomicrographs  of  the  two  yam  directions,  only  those  of  thin- 
section  A  are  shown,  in  Figure  16  ,  large  cracks  and  voids  are  apparent  under 

transmitted  light.  Figure  17  shows  the  surface  portion  in  a  25X  magnification 
combined  light  view  where  voids  are  represented  by  tfc  wr  ite  (clear  through  the 
thin  section)  and  dark  areas.  Successive  200X  and  2000X  magnifications  of  a 
void  location  shows  light  transmitted  through  a  small  portion  of  the  dark  void  area 
as  well  as  the  size  and  undegraded  condition  of  fill  yam  fibers. 

Successive  magnifications  under  polarized  light  in  Figures  18  through  21  show  the 
high  concentration  of  anisotropic  "graphitized"  material  at  pore  surfaces  and 
around  fibers  and  the  columnar  deposition  of  cr» isotropic  material  at  the  surfaces 
of  large  pores.  Wiite  areas  indicate  high  concentrations  of  anisotropic  material. 
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SECTION  V 


MX-4926  PHENOLIC  CARBON  CHAR  CHARACTERISTICS 

Characterization  of  the  char  in  the  MX-4926  phenolic  carbon  nozzle  throat 
from  'Aerojet-General  Corporation ‘s  120-SS-1  120-inch  solid  propellont  booster 
provides  a  complete  physical  and  chemical  description  of  the  post-test  ablator  as 
a  function  of  depth.  The  results  are  discussed  in  terms  of  their  variation,  within 
and  between  the  major  zones:  virgin,  pyrolysis,  and  mature  char  zones. 

The  data  are  also  discussed  in  terms  of  their  significance  for  the  definition  of  the 
three  subzones  in  the  mature  char  zones  I,  II,  and  III, used  as  the  basis  for  thermo¬ 
physical  properties. 

VISIBLE  CHARACTERISTICS 

Major  char  zone,  char  depth,  and  cloth  layer  orientations  were  defined  by  the 
1.25  power  photomicrograph  shown  in  Figure  14  ,  Analysis  of  this  plane  to  a 
depth  of  1 . 1  inches  using  a  63-power  assembled  strip  photomicrograph  (6  feet  long) 
showed  size  end  distribution  of  voids,  char  zone  degradation  effects,  and  spatial 
dimensions  of  the  carbon  cloth  matrix. 

Cloth-yam  spatial  dimensions,  cloth  weave  information,  additional  description  of 
voids,  exient  of  char  degradation  and  polorized  light  observations  of  anisotropic 
"graphiti  zed"  portions  of  the  char  were  obtained  on  potted  and  polished  thin  sec¬ 
tions.  Thin  sections  were  made  in  both  yarn  directions  in  planes  perpendicular  *o 
cloth  as  shown  in  Figure  15  .  Because  there  wos  no  distinguishable  difference 
be' ween  the  photomicrographs  of  the  two  yam  directions,  only  those  of  thin- 
section  A  are  shown.  In  Figure  16  ,  large  cracks  ond  voids  are  apporent  under 

transmitted  light.  Figure  17  shows  the  surface  portion  in  a  25X  magnification 
combined  light  view  where  voids  are  represented  by  the  white  (clear  through  the 
thin  section)  and  dark  areas,  Successive  200X  and  2000X  magnifications  of  a 
void  location  shows  light  transmitted  through  a  small  portion  of  the  dark  void  area 
os  well  as  the  size  and  undegraded  condition  of  fill  yj m  fibers. 

Successive  magnifications  under  polarized  light  in  Figures  18  through  21  show  the 
high  concentration  of  anisotropic  "graphitized"  material  at  pore  surfaces  and 
around  fibers  and  the  columnar  deposition  o(  anisotropic  moterial  at  the  surfaces 
of  large  pores.  \Miite  oreas  indicate  high  concentrations  of  anisotropic  material. 
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REFLECTED  LIGHT 


2X 


PERPENDICULAR  TO  CLOTH  LAYERS 
PARALLEL  WITH  YARN 


TRANSMITTED  LIGHT 


FIGURE  16  MX-4926  CHAR  THIN  SECTION  A  VIEWS 


200 OX 


Co  ■■noined  Transmitted  and 
Reflected  Light 


Combined  Transmitted  and 
Reflected  Light 


FIGURE  17  MX -4926  CHAR  THIN  SECTION  A  MAGNIFIED  VIEWS 
OF  CHAR  SURFACE 
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Anisotropic  Material  (Deposition  in  q  Large  Pore 


FIGURE  19  MX-4926  CHAR  ANISOTROPY  WITH  POLARIZED-REFLcCTED  LIGHT 
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IOOOX  View  Mode  on  Thin  Section  "A",  at  One  Location  Indicated  on  the  d<)X  View 
(Arrow-ll),  Showing  Anisotropic  Material  Deposition  at  Pore  Surfaces  and  Between  Carbon  Fibers 


FIGURE  20  MX -49 2d  CHAR  ANISOTROPY  WITH  POLARlZEu-REFLECTED  LIGHT 
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3800X  View,  Polar  i?  ed -Re  flee  led  L  i  gl .  t 

FIGURE  21  MX-4V26  CHAR  COLUMNAR  ANISOTROPY  AT  PORE  SURFACES 
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"Graphltlzoflon",  as  evidenced  by  visible  anisotropy,  extended  to  0.25  Inch 
below  the  char  surface,  in  good  agreement  with  X-ray  diffraction  result*.  The 
depth  of  g-aphitlzed  material  was  the  major  consideration  In  establishing  the 
boundaries  of  char  zone  I. 

"Graph !tlz«d"  deposits  are  one  of  the  most  distinctive  characteristics  of  the 
MX-4926  nozzle  char.  The  concentration  of  "graphltlzed"  material  in  fairly 
continuous  paths  along  cracks  and  fibers  is  believed  to  be  a  major  factor  in  the 
very  high  thermal  conductivity  of  gnaphitized  char  measured  parallel  with 
lamlnare  planes. 

The  following  observations  were  made  by  correlating  the  photographic  analyses 
with  the  other  analyses  described  In  Section  IV. 

Char  Characteristics 

Visible  char  zones,  such  as  the  pyrolysis  zcne/vlrgln  zone  Interface,  were  parallel 
with  the  surface.  Resin  degradation  indicated  by  porosity  at  c3X  was  visible  to  a 
depth  of  0.8  Inches,  about  the  middle  of  the  pyrolysis  zone  on  the  basis  of  density/ 
porosity  data.  Heat-affected  material,  indicated  by  color  change,  was  seen  to  o 
depth  of  1 .2  Inches.  This  is  approximately  where  denslty/poroeity  data  Indicates 
the  beginning  of  the  vligin  zone. 

Inter-yam  pores  and  mlcrocrackj  were  up  to  100  microns  (U.0Q4  inches)  wide  i-ear 
thi,  surface  and  decreased  In  size  with  depth  to  40  microns  (0.0015  inches)  of  a 
depth  of  1  .03  Inches.  The  maximum  depth  of  visible  Inter-yam  cracks  was  below 
the  visible  resin  degrodafl'-n  depth.  The  maximum  limit  of  Inter-fiber  void  size 
was  about  10  microns.  These  porj  size  ilmits  provided  o  basis  for  classification  of 
penetrated  porosity  results  in  ranges  representing  inter-yam  and  Inter-fiber  size 
porosity.  The  inter-yam  size  porosity  would  be  expected  to  vary  the  most  at  a 
tunction  of  the  thermal  cracking  and  delamination  encountered  in  any  ablation 
appi  I  cation . 

Anisotropic  or  "gr<^>hiHzed"  material  coated  pore  surfaces  and  fibers  in  a  sub¬ 
surface  band  from  0.06  Inches  to  0.25  inches  depth.  The  highest  concentration 
of  visible  anisotropic  material  was  columnar  deposits  on  the  surfaces  of  gas-pcth 
pores. 

Carbon  Cloth,  Matrix  Characteristics 


Spoclngi  of  cloth  yams  and  cioth  layers  were  constant  with  char  depth  regardless 
of  resin  degradation  of  porosity  changes.  Volumetric  concentrations  of  cloths. 
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yams,  and  fibers  were  therefore  cansfonf,  but  there  was  dislocation  or  cracking 
of  the  fibers  in  high  porosity  zones. 

Cloth  layers  were  oriented  downstream  at  a  60*  angle  with  the  surface  in  the 
mature  char,  but  appeared  oriented  at  lesser  angles  down  to  55°  in  the  virgin 
zone.  Yarn  directions  were  456  to  radial  planes  in  the  cloth  iayer  as  expected 
for  bias  tape  wrapped  construction.  There  were  42  fill  yams  per  inch  compared 
with  an  average  of  50  in  the  prepreg,  indicating  the  results  of  bias  stretch  and 
hydroclave  compression.  The  carbon  fibers  had  irregular  tbrfaces  and  a  mean 
diameter  of  0,0003  inches.  A  count  of  70  cloth  layers  per  inch  indicated  that 
approximately  40  percent  compression  had  occurred  during  the  fabrication  cycle. 

CENSITY  AND  POROSITY  PROFILE 

Apparent  dry  densities  obtained  on  vacuum-dried  char-depth  slices  are  plotted 
in  Figure  22  along  with  computer  predicted  densities  and  open  porosity  calcula¬ 
ted  from  helium  pycnometer  determination,  of  pQS.  Figure  22  illustrates  the 
following  observations  based  on  density /porosity  data  : 

1 .  Most  of  the  porosity  increase  and  apparent  dry  density  decrease  occurs  in 
the  pyrolysis  zone  and  these  changes  are  inversely  proportional. 

2.  The  computer  results  are  reasonably  accurate  based  on  post-test  char 
density  profiles.  Agreement  of  predicted  end  measured  post-test  density 
profiles  lends  confidence  to  predicted  density  and  temperature  histories, 
ot  any  point  in  the  char. 

3.  The  apparent  dry  density  in  the  pyroiysis  zone  of  the  post-test  chur  represents 
the  low  heating  rate  cool-down  period,  not  the  motor  firing  psriod. 

These  observations,  which  also  hold  for  FM-5014  phenolic-graphite,  support  the 
approach  used  in  the  presentation  of  thermophysica!  property  data,  particularly 
thermal  conductivity;  that  is,  a  density/porosify  correlation  of  properties  is  the 
proper  basis  for  predicting  properties  in  the  unstable  pyrolysis  zone.  This  approach 
is  discussed  in  detail  in  section  IX, 

The  apparent  density  profile  given  by  Radocon  X-ray  transmission  measurements  is 
shown  in  Figure  23  .  Agreement  with  direct  measured  values  is  good,  and  it  is 
apparent  that  no  significant  density  variations  have  been  missed  by  the  char  sampl¬ 
ing  technique.  The  Radocon  data  does  give  somewhat  better  resolution  of  a  density 
peak  at  the  0. 3-inch  depth. 
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Depth  from  final  surfoce  -  Inches 

FIGURE  22  MX-4926  NOZZLE  CHAR  DENS'  AND  POROSITY 


CORRELATIONS  WITH  DENSITY-THICKNESS  PRODUCT 


Since  the. effect  on  thermal  properties  of  the  density  changes  accompanying 
pyrolysis  is  most  easily  visualized  in  terms  of  porosity,  all  other  density/porosity 
data  is  presented  in  terms  of  porosities  in  Figure  24  .  All  data  was  obtained  on 
H-series  depth  slices,  except  the  unconnected  points,  which  were  obtained  on 
slices  representing  char  zones  I,  II,  and  III  after  these  zones  were  defined. 

These  zone  data  are  an  average  from  three  measurements  on  each  of  two  sets  of 
specimens  and  represent  all  values  to  within  £5  percent.  In  zones  II  and  III  the 
high  total  and  trapped  porosities,  which  are  a  result  of  high  solid  densities,  are 
consistent  with  the  results  obtained  on  furnace  char  analogues  of  these  zones. 

The  1  graphitization "  in  zone  1  apparently  yields  material  of  low  solid  density. 
Furnace  chars  "graph iti zed"  after  pyrolysis  showed  the  same  behavior. 

The  reason  that  open  porosity  measured  on  char  zone  samples  was  higher  than  that 
of  small  H-series  char  depth  slices  is  probably  related  to  the  proportion  of  sample 
surface  to  sample  volume.  Smoothing  the  surfaces  of  a  thin  slice  tends  to 
eliminate  some  of  the  large  size  open  porosity  and  give  lower  open  porosity 
values.  On  this  basis,  the  difference  between  open  porosity  values  on  zone 
specimens  and  char  depth  slice;  is  attributed  to  large  open  porosity  associated 
with  partial  delaminations.  The  difference  between  the  open  and  penetrated 
porosity  measurements  on  char  depth  slices  is  believed  to  be  due  to  porosity  larg¬ 
er  than  about  100/1  . 

The  density/porosity  data  indicates  that  the  mature  char  layer  ends  at  a  0.5- 
inch  depth  in  agreement  with  thermal  analysis  results.  Beginning  at  the  surface, 
there  is  a  rapid  increase  in  apparent  density  and  decrease  in  porosity  to  a  depth 
of  0.15  inches,  where  apparent  density  levels  off  but  solid  density  increase; 
accompanied  by  an  increase  in  both  interlaminar  and  inter-yam  size  porosity  and 
in  closed  porosity.  The  decrease  in  inter-fiber  and  fine  range  void  fractions  into 
the  pyrolysis  zone  to  a  depth  of  about  0.8  inches  is  due  to  the  increase  in  undecom¬ 
posed  resin  content  indicated  by  thermal  and  elemental  analysis.  A  peak  in  inter¬ 
fiber  range  voids  at  0.8-inch  depth  followed  by  a  decrease  to  a  depth  of  1 .2  inches 
is  attributable  to  thermal  cracks  rather  than  pyrolysis  generated  vents  on  the  basis 
of  photomicrogrcphic  observations. 
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Pycnometer  Data 


FIGURE  24  MX-4926  CHAR  POROSITY  FRACTION  VS.  DEPTH 


THERMAL  STABILITY  PROFILE 


All  thermogravlmetric  (TGA)  end  differential  thermal  analysis  (DTA)  results  are 
summarized  in  Tables  IV  and  V  .  The  total  weight-loss  to  1800*F  in  the 
helium  TGA  measurements  and  the  initial  temperature,  Ta,  of  the  first  exotherm 
in  frte  a;r  DTa  measurements  wc»e  quantitatively  sensitive  to  depth  in  the  chnr 
and  are  plotted  versus  char  depth  in  Figure  25  . 

The  total  weight-loss  to  1800#F  in  TGA  measurements  is  considered  the  primary 
measure  of  the  thermal  stability  of  all  material  at  any  depth  in  the  char.  The 
data  from  node  to  node  (inflection  points)  give  confirmatory  information  on 
thermal  stability.  High  thermal  stability  is  indicated  by  the  first  node  occurring 
at  high  temperatures  and  by  few  nodes.  The  increase  in  total  weight-loss,  and 
in  weight-loss  at  the  temperature  of  the  first  node  in  specimens  taken  near  0.5 
inches  depth  indicates  the  end  of  the  mature  char  zone,  in  agreement  with  other 
analyses.  Within  the  mature  char  zone,  however,  specimen  H-3  at  a  depth  of 
0.25  inches  exhibits  the  highest  weight  loss,  the  lowest  temperature  initial  node, 
and  the  most  nodes  in  the  mature  char  zone.  This  indicates  deposition  of  hydro¬ 
carbon  pyrolysis  products  as  confirmed  by  elemental  analysis.  Thermal  instability 
indicates  that  this  deposition  occurred  during  cooling  at  a  depth  having  the 
maximum  apparent  density  and  low  open  porosity  characteristics  typical  of 
pyrolysis  product  deposition  zones.  Specimen  H-4  exhibits  these  same  character¬ 
istics  to  a  lesser  degree  consistent  with  the  density/porosity  data.  Specimens 
H-l  and  H-2  indicate  stable  mature  char  material  in  the  region  of  high  porosity, 
wherein  apparent  end  solid  density  decreased  and  "graphltization"  increased 
near  the  surface. 

The  initial  temperature  of  the  first  DTA  exotherm  decreases  sharply  through  the 
mature  char  zone  to  a  depth  of  0.45  inches.  This  same  behavior  was  not  noted 
on  FM-5014#so  no  general  interpretation  of  the  DTA  data  is  possible.  Oily  the 
initial  temperature  of  the  first  node  was  independent  of  sample  size  end  the  rate 
of  oxygen  transfer  in  the  particular  test  setup.  Since  it  could  not  be  related  to 
physical  and  chemical  characteristics  in  the  char,  DTA  offers  little  in  the  way 
of  reproducible,  quantitative  characterization . 


COMPOSITION  PROFILE 

Microcombustion  analysis  provided  composition  versus  depth  in  the  char,  Eleirtron- 
beam  microprobe  analysis  indicated  no  significant  amount  of  contaminants,  but  a 
supplementary  spark  analysis  of  ash  from  the  carbon -hydrogen  analysis  indicated 
small  amounts  of  Al,  Fe,  and  Si  and  traces  of  Ca,  Cu,  and  Mg. 
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Nl-AIR  characterization  results 
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MX -4926  CHAR  THERMOGRAVtt  <C  ANALYSIS  RESULTS 

HELIUM  ATMOSPHERE 
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FIGURE  25  MX-4926  CHAR  THERMAL  ANALYSIS  VERSUS  DEPTH 


Averaged  results  of  duplicate  carbon,  hydrogen  and  ash  analyses  with  the 
remainder  attributed  to  oxygen,  are  presented  in  Table  VI  .  The  elemental 
analysis  correlated  well  with  TGA,  showing  hydrocarbon  contents  proportio¬ 
nal  to  the  weight  losses  measured  to  18008F.  This  confirms  the  location  of 
the  pyrolysis  zone  and  the  presence  of  redeposifed  material  in  the  mature  char 
zone.  The  partition  ot  the  dements  among  the  constituents  in  the  char  (Table 
VI  )  provided  more  descriptive  data  for  caerelation  with  other  characteristics. 
The  constant  volume  of  cloth  and  filler  indicated  by  photomicrograph! c  analy¬ 
sis  provided  initial  basis  for  carbon  partition  and  the  assumed  stoichiometry 
for  the  remaining  constituents,  resin,  pyrolysis  residue,  and  trapped  condensa¬ 
tion  cure  reaction  water  allowed  complete  partition  of  the  elements. 

The  constant  volume  of  doth  and  filler  was  first  used  to  calculate  char  surface 
elemental  analyses  assuming  no  other  constituents  and  ‘he  virgin  elemental 
analysis  assuming  a  resin  concentration  per  the  prepreg  specifications.  Excel¬ 
lent  agreement  with  the  experimental  elementd  analysis  was  obtained,  veri¬ 
fying  the  constant  concentrations  of  cloth  and  filler.  At  other  depths  in  the 
char,  stoichoimetric  balances  assumed  that  ail  oxygen  exisred  in  residual 
phenolic  (specimen  H-3),  that  the  ratio  of  hydrogen  atoms  to  seven  carbon 
atoms  in  phenolic  resin  wa*  5.5  (specimen  H-5),  or  that  all  carbon  not  fixed 
in  cloth  and  filler  was  in  phenolic  resin  (remaining  specimens).  Of  course, 
the  use  of  phenolic  resin  stoichiometry  to  represent  hydrocarbon  material 
deposited  in  the  mature  char  zone  simply  represents  the  presence  of  unknown 
hydrocarbon  material.  The  results  of  the  partition  of  the  major  element,  carbon, 
are  plott^J  in  cigure  26  . 


jNTERNA.L  "GRAPHiTiZATiON*  PROFILE 

Both  top  and  bottom  surfaces  of  all  char  slices  H-l  through  H-6  of  column  W-2 
were  used  in  X-ray  diffraction  tests  to  establish  a  measure  of  "graphiti ration  " 
versus  depth  in  the  char.  The  maximum  diffraction  intensities  recorded  for  the 
two  predominant  crystal  spacings  for  graphite  are  plotted  in  Figure  27  .  The 
3.37  A  crystal  spacing  is  the  most  sensitive,  as  expected.  High  background 
intensities  in  the  virgin  and  pyrolysis  zones  indicated  some  crystallinity,  but 
brood  peaks  indicated  primarily  amorphous  carbon.  This  ag  ees  with  polarized 
light  photomicrographic  examinations  showing  that  fiber  ends  in  this  region  were 
partly  anisotropic.  The  peak  intensities  in  the  virgin  MX-4926  from  all  fabri¬ 
cators  reproduced  the  nozzle  value  within  ±  two  counts  at  3.37  A 

The  decrease  in  diffraction  intensities  from  the  suiface  to  virgin  material  values 
at  a  depth  of  0.25  inches  was  selected  as  the  primory  characteristic  defining  the 
outer  char  zone,  zone  I,  for  thermophysical  measurements.  "Graphitization"  at 
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iR  ELEMENTAL  ANALYSIS  AND  ESTIMATED  PARTITION 
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FIGURE  27  MX -49 26  CHAR  GRAPHITI2ATION  ,  X-RAY  DIFFRACTION 

INTENSITY  VERSUS  CHAR  DEPTH 


the  char  surface  was  almost  equal  to  that  for  virgin  FM-5014  material  containing 
graphite  cloth.  Photomicrographic  analysis  alone  did  not  show  maximum  aniso¬ 
tropy  at  the  surface,  which  indicates  graphitization  of  carbon  cloth  fiber  or 
filler  material  not  discemable  by  photomicrographic  analysis.  Just  below  the 
surface,  the  diffraction  intensities  correlate  with  the  visible  concentrations  of 
cr> isotropic  material  deposited  at  pore  surfaces  and  between  or  around  fibers. 


COMPUTER  PREDICTED  INTERNAL  ABLATION  HISTORIES 

Computer  predictions  of  density  and  temperature  by  Aerotherm  were  transformed 
to  functions  of  depth  from  the  final  char  surface  and  interpolated  to  produce  the 
plots  in  Figure  28  .  The  temperature  histories  show  that  the  surface  cools  so 
rapidly  by  radiation  after  shutdown  that  the  outer  char  regions  are  effectively 
quenched  in  the  active  oblation  state  without  surface  recession.  The  continued 
pyrolysis  during  the  after-soak  period  that  consumes  the  pyrolysis  zone  existing 
at  shutdown  is  also  apparent.  The  close  agreement  between  computed  and 
measured  final  density  profiles  shown  in  Figure  22  justifies  using  the  computer 
results  for  establishing  both  the  post-test  char  density  and  temperature  histories. 

The  temperature  limits  for  char  zones  II,  and  III  were  established  by  computing 
peak  temperatures  at  the  zone  boundaries.  A  wafer  quench  at  132  seconds 
during  the  cool-down  was  not  included  in  the  analysis,  but  the  curves  indicate 
that  the  probable  effects  were  negligible  on  char  above  1200“F,  the  lower  limit 
of  zone  III . 

Since  the  computer  results  plotted  in  Figure  22  show  tbot  rhe  pyrolysis  zone 
formed  during  the  firing  no  longer  exists,  if  is  necessary  to  assume  that  pyrolysis 
zone  material  resulting  from  the  after-soak  is  representative  of  that  existing  during 
active  ablation.  This  is  substantiated  by  the  elemental  analysis  which  assumed 
that  undecomposed  material  was  phenolic  and  that  the  residual  decomposed 
material  was  simply  carbon.  On  this  basis,  chemical  changes  in  the  solid  state 
are  always  the  same  for  a  given  extant  of  pyrolysis,  and  pyrolysis  can  be  defined 
in  terms  of  the  large  density/porosity  changes. 

The  assumption  that  pyrolysis  zone  material  can  be  described  on  the  basis  of 
density/porosity  characterisitcs  forms  the  basis  for  extrapolating  thermal  conduc¬ 
tivity  data  to  an  active  ablation  pyroiysis  zone  as  discussed  in  section  IX.  The 
necessity  for  extrapolation  is  o  consequence  of  the  rate  effects  encountered  in 
pyrolysis.  An  illustration  of  the  effects  of  pyrolysis  rates  is  provided  by  the 
isotherms  on  the  density  versus  time  plot  in  Figure  28  •  The  apparent  density  exist¬ 
ing  at  a  given  temperature  decreases  rapidly  as  the  internal  heating  rote  decreases 
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at  the  beginning  of  the  after-soak  period.  Both  the  post-test  and  furnace  chars 
represent  low  heating  rate  states  in  the  pyrolysis  zone,  and  neither  c  n  fully 
represent  active  ablation  pyrolysis  at  temperatures  where  rate  contra. ted 
pyrolysis  is  occurring.  Partially  pyrolyzed  post-test  chars  and  furnace  chars 
produced  at  1200*F  may  represent  the  state  of  the  material  existing  up  to  2500°F 
during  active  ablation. 
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SECTION  VI 


FM-5055A  PHENOLIC-CARBON 
CHAR  CHARACTERISTICS 


Characterization  of  FM-5055A  phenolic-carbon  chars  indicated  that  their  pro¬ 
perties  were  sufficiently  similar  to  those  of  MX -4926  phenolic-carbon,  that  ther¬ 
mal  conductivity  and  specific  heat  data  for  the  latter  can  be  used  for  the  former 
until  actual  thermophysical  properties  are  measured  for  the  FM-5055A  chars. 

Since  the  plasma  charred  specimens  were  received  late  in  the  program,  and  only 
one  of  the  models  was  considered  suitable  for  characterization,  the  results  on 
FM-5055A  are  not  as  extensive  as  on  the  other  materials.  The  results  are  presented 
as  a  function  of  depth  from  the  char  surface  and  discussed  in  terms  of  the  major 
ablation  zone"  with  MX -4926.  Subzones  I,  II,  aid  III  In  the  mature  char  are  not 
designated  in  the  FM-5055A  results,  since  reproduction  in  the  form  of  thermo¬ 
physical  property  specimens  was  not  required  and  the  responses  of  plasma  samples 
are  not  necessarily  typical  of  those  obtained  in  full  scale  applications. 


VISIBLE  CHARACTERISTICS 

The  uneven  laminate  spacings  in  the  FM-5055A  phenolic  carbon  plasma  test 
model  are  apparent  in  the  photomicrographs  in  Figure  29  .  However,  the  follow¬ 
ing  characteristics  that  affect  thermophysical  properties  ore  similar  to  those  of 
MX-4926  and  FM-5014. 

1.  Porosity  increases  gradually  through  the  pyrolysis  zone  and  pore  shapes  are 
elongated  parallel  to  the  adjacent  fibers.  This  is  consistent  with  the  density/ 
porosity  measurements. 

2.  The  concentration  of  deposited  or  residual  anisotropic  material  visible  under 
polarized  light  decreases  as  a  function  of  depth  below  the  char  surface. 

This  is  confirmed  by  the  X-ray  diffraction  results. 

3.  The  anisotropic  "graphitized"  material  forms  fairly  continuous  oaths  along 
fiber  and  pore  surfaces  as  in  MX-4926. 

The  major  differences  apparent  between  FM-5055A  end  MX-4926  phenolic  carbons 
are  related  to  the  different  mechanicnl  loading  during  ablation.  The  MX-4926 
phenolic  carbon  nozzle  eras  not  free  to  expend  or  contract  due  to  the  nozzle 
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20X  REFLECTS)  LIGHT  COMPOSITE  VIEW 


FIGURE  29  FM-5055A  CHAR  PHOTOMICROGRAPHS  ON  PLANE  PERPENDICULAR  TO  SURFACE 


geometry  and  structure.  The  relatively  unrestrained  FM-5Q55A  did  not  exhibit 
significant  mlcrocracklng  In  the  virgin  material  below  the  pyrolysis  zone  and 
delamlnailons  in  the  char  did  not  crack  open  completely  during  cool  down. 


DENSITY  AND  POROSITY  PROFILE 

The  apparent  dry  density  and  connected  porosity  profile*  for  FM-5055A  ore  given 
In  Figure  30.  The  small  specimens  available  for  these  measurements  limit  the 
accuracy  of  the  connected  porosity  measurement  to  approximately  ±25  percent. 

Solid  density  and  total  porosity  measurements  on  powdered  samples  In  the  gee 
pycnometer  could  not  be  accurately  made  on  these  samples.  The  agieement 
between  measured  and  predicted  density  profiles  is  poor  In  this  material,  due 
prlmailly  lo  poor  laminate  quality.  However,  the  density  and  connected  porosity 
profiles  correlate  with  other  measurements  in  the  same  way  as  for  the  other 
materials. 

On  the  basis  of  eppareni  dry  density  and  connected  porosity,  the  mature  char 
zone  extends  from  the  surface  to  approximately  0.3  inches  depth,  and  the  pyrolysis 
zone  from  0.3  inches  to  0.8  Inches  depth.  The  boundary  at  0.3  inches  Is  not 
sharply  defined  due  to  some  partial  delaminatlon  extending  to  a  depth  of  0-5  inches. 
This  also  accounts  for  the  peak  in  connected  porosity  occurring  at  0.44  inches 
depth  and  the  tendency  for  porosity  to  Increase  continuously  toward  the  char 
surface. 

The  boundary  between  the  mature  char  zone  and  pyrolysis  zone  is  defined  best  in 
the  Radocon  data  versus  depth  shown  In  Figure  31  .  The  largest  delaminations 
are  also  apparent  in  the  Radocon  data.  The  Radocon  data  taken  on  a  path  parallel 
to  the  char  surface  In  Figure  31  illustrates  the  nonuniformity  of  the  density  grad¬ 
ients  in  the  plasma  test  chars.  Only  plasma  test  model  number  20  had  o  flat 
portion  on  the  side-to-side  Radocon  density  traces  made  to  identi'y  uniform 
density  samples  for  characterization. 


THERMAL  STABILITY  PROFILE 

Total  TGA  weight  loss  to  1800“F  versus  char  depth  is  plotted  in  Figure  32.  The 
content  of  thermally  unstable  material  Is  proportional  to  the  apparent  density 
and  to  the  hydrocarbon  content  Indicated  by  elemental  analyses  in  the  same  way 
as  on  the  other  post-test  chars.  Analysis  of  nodes  In  the  TGA  data  was  not  conducted 
because  this  analysis  proved  to  be  of  little  value  in  the  case  of  the  other  materials. 
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Predicted  at  Shutdown 
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FIGURE  30  FM  5055A  PLASMA  CHAR  DENSITY  AND  POROSITY 


Roentgens/ffiinute 


PROFILE  PARALLEL  TO  SURFACE  -  1/4"  DEPTH 


PROFILE  VERSUS  DEPTH 


FIGURE  31  FM-5055A  RADOCON  X-RAY  TRANSMISSION  PROFILES 
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VIRGIN 


Sines  the  significance  of  the  DTA  measurements  in  air  on  the  other  materials 
could  not  be  established,  an  attempt  was  made  to  obtain  endotherm  data  by  DTA 
measurements  in  helium.  The  responses  were  so  smail  relative  to  data  on  stable 
reference  samples  that  no  analyses  could  be  made. 


COMPOSITION  PROFILE 

The  results  of  carbon -hydrogen  analyses  on  char  depth  slices  are  presented  in 
Figure  33  .  Since  the  reinforcement  concentrations  varied  significantly  versus 

depth  in  the  char,  no  basis  for  partition  of  the  elemental  analysis  of  FM-5055A 
was  available.  The  data  follows  the  same  trends  through  the  mature  char  and  the 
pyrolysis  zone  as  in  the  other  materials.  The  results  parallel  the  results  of  TGA 
analysis  where  weight  loss  is  associated  with  the  presence  of  hydrocarbon  material 
and  increasing  hydrocarbon  content  corresponds  to  increasing  apparent  density 
versus  depth  in  the  pyrolysis  zone. 


INTERNAL'GRAPHITIZAT'ON*'  PROFILE 

X-ray  diffraction  intensify  at  3.37  ^  on  the  top  and  bottom  surfaces  of  char  depth 
slices  is  plotted  versus  char  depth  in  Figure  34  .  The  x-ray  diffraction  results 
foilow  the  trend  in  concentration  of  anisotropic  material  visible  undrr  poiarized 
light.  The  values  at  the  surface  are  nearly  as  high  os  surface  values  obtained  on 
FM-5014  phenolic  graphite,  while  virgin  values  are  near  those  of  MX-4926 
phenolic  carbon.  The  leveling-off  toward  virgin  material  values  occurs  at  the  some 
peak  predicted  temperature  observed  in  the  other  materiols,  2?00°F,  at  a  depth  of 
0,25-inches  which  suggests  that  char  zone  I  would  extend  that  deep  in  the  FM-5055A 
plasma  test  char. 

There  are  several  factors  that  may  account  for  the  high"graphitization  "  level  at  the 
surface  of  this  material  relative  to  the  other  phenolic-carbon  material,  MX-4926. 
Both  FM-5055A  phenolic  carbon  end  FM-5014  give  high  x-ray  diffraction  intensities 
at  the  surface,  and  since  both  have  the  same  resin  and  filler,  the  results  may  be 
controlled  by  grophitization  of  pyrolysis  decomposition  residue  and  filler.  The 
temperature-time  histories  in 'the  plasma  tests  indicate  that  the  period  of  exposure 
to  temperatures  Over  29Q0°F  in  the  FM-50  55A  char  is  from  two  to  four  times  as  long 
as  in  the  nozzle  chars,  while  the  maximum  temperature  is  nearly  the  same.  Of 
course,  the  internal  pressures,  pyrolysis  gas  flow  rates,  and  other  variables  that 
would  affect  cracking  of  pyrolysis  gases  and  “grapnitizafion"  processes  are  also 
different  in  the  plasma  test  models.  At  present  it  is  not  known  which  of  these  or 
other  factors  are  significant,  but  the  influence  of  “grophitization"  in  the  application 
of  thermal  conductivity  data  from  MX-4926  to  FM-5055A  must  be  considered,  as 
discussed  in  Section  |J(, 
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CHAR 


FIGURE  34  FM-5055A  CHAR  GRAPHITIZATION,  X-RAY  DIFFRACTION  INTENSITY  VS.  CHAR  DEPTH 


COMPUTER  PREDICTED  INTERNAL  ABLATION  HISTORIES 


Predicted  density  and  temperature  versus  time  ond  depth  for  the  FM-5055A  plasma 
test  specimen  ore  given  in  Figure  35  .  The  computer  results  predicted  a  total 
surface  recession  of  only  0.005  inches,  which  was  neglected  in  constructing  these 
plots.  The  major  difference  between  these  plasma  test  histories  and  those  of  the 
rocket  firings  is  the  two  to  four  times  longer  exposure  to  very  high  temperatures  in 
the  outer  portion  of  the  char.  This  is  a  result  of  the  combined  effects  of  a  low 
initial  heat  flux  end  the  lack  of  surface  recession .  ihe  plasma  tests  were  started 
at  a  cold  wall  heat  flux  of  94.3  fltu/ft2sec.  that  was  held  for  5  seconds,  increased 
linearly  to  494.5  Btu/ftJsec.  over  the  next  30  seconds,  wid  then  held  at  that  value 
to  the  end  of  the  run.  This  cycle  was  an  approximation  of  a  reentry  heating  cycle. 

The  predicted  and  final  density  profiles  for  this  material  shown  in  Figure 30  were 
not  in  as  good  agreement  as  on  the  rocket  nozzle  chars.  This  is  due  to  several 
factors  such  as  the  probable  deviation  from  one  dimensional  heat  flow  used  in  the 
computer  and  the  fact  that  the  models  were  of  relatively  low  density  compared  tc 
the  normal  material  specifications  used  as  computer  inputs.  This  last  factor  accounts 
for  most  of  the  difference  between  predicted  end  final  densities  on  this  material. 

The  test  models  were  instrumented  with  an  axially  inserted  thermocouple  at  0.75 
inches  depth  to  give  a  check  on  the  temperature  predictions.  Comparison  of  the 
predicted  and  measured  responses  at  0.75  inches  in  Figure  35  shows  good  agree¬ 
ment,  considering  that  the  thermocouple  readings  would  be  expected  to  be  lower 
due  to  side  heat  losses  and  the  losses  along  the  wires  due  to  axial  insertion.  Based 
on  this  comparison  the  computed  predictions  are  considered  substantially  correct. 

The  general  observations  made  in  reference  to  the  internal  histories  on  MX-4926 
also  hold  for  this  material. 
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SECTION  VII 


FM-5014  PHENOLIC  GRAPHITE 
CHAR  CHARACTERISTICS 


Characterization  of  the  char  from  the  FM-5014  phenolic-graphite  nozzle  throot 
from  the  Titan  3C-10  120-inch  solid  strap-on  motor  provides  a  complete  physical 
and  chemical  description  of  the  post-test  char  as  a  function  of  depth.  The  results 
are  presented  in  the  some  manner  as  for  MX -4926  phenolic  carton  so  thot  the 
characteristics  of  the  two  types  of  chan  may  be  easily  compared. 


VISIBLE  CHARACTERISTICS 

The  major  visible  differences  between  FM-5014  and  MX-4926  wer*  the  greater 
char  depth  an  FM-5014  and  absence  of  delamination  in  the  char,  o.  microcrack¬ 
ing  extending  through  the  pyrolysis  zone,  and  of  anisotropic  deposits  on  pore 
surfaces.  Reflected  light  examinations  were  made  on  the  radial  plane  shewn  in 
Figures  36  end  37  .  Low  magnification  observations  were  mode  before  potting. 
Figure  36,  fur  maximum  visual  discrimination  of  light  and  dork  bands  in  the  char. 
Potted  and  polished  thin  sections,  located  as  in  Figure  38  ;  were  used  for  com¬ 
bined  transmitted  and  reflected  light  analysis  of  spatial  characteristics  and 
polarized  light  observations  of  anisotropic  "graphitized"  material.  Results  of 
thin  section  A  are  illustrated  in  Figures  38  through  40  .  The  absence  of  oniso- 
tropic  material  other  than  graphite  cloth  fibers  is  apparent. 

The  combined  results  of  all  photographic  analyses  and  relationships  with  other 
analyses  arc  described  below. 

Char  Characteristics 


Alternate  dark  and  light  bench  0.1-inch  thick  were  visible  to  a  depth  of  0.9  inches. 
The  bands  from  the  char  surface  to  a  depth  of  0.4  inches  were  parallel  to  the  sur¬ 
face  while  most  bands  below  this  depth  mode  o  -4*  angle  with  the  char  surface  in 
the  downstream  direction. 

Density/porosity  measurements  of  H  series  char  depth  specimens  established  thot 
dark  bands  were  of  higher  open  porosity  and  higher  apparent  solid  density  while 
light  bands  were  of  lower  open  porosity  and  greater  apparent  dry  density.  The 
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Upstream  Face  Plane 


Nozzle  Throat  Segment  B-1,  Sample  W-l 


FIGURE  36  FM-5014  CHAR  SURFACE  AND  VISUAL  ZONES 


77 


1ST  HIGHER-POROSITY 
BAND 


0.19-INCH  DEPTH 


REFLECTED  LIGHT  -  40  POWER 


FIGURE  37  FM-5014  CHAR  AT  THE  SURFACE  LOCATION  USED  FOR 

PHOTOMICROGRAPHIC  STRIP  ANALYSIS 


CHAR  SURFACE 


REFLECTED  LIGHT  2X  view 


PLANE  PARALLEL  WITH  CLOTH  LAYERS 
UPSTREAM  FACE  OF  8-1 


TRANSMITTED  I  GHT 


FIGURE  38  FM-5014  CHAR  THIN  SECTION  A  VIEWS 


SPECIMEN  ROTATION  ANGLES 


THIN  SECTION  A 
OF 

FM-5014 


Anisotropic  graph  it*  fiber* 
appear  alternately  light 
and  dark  with  90"  rotation 
in  polarized  light. 


FIGURE  39  FM-5014  CHAR  ANISOTROPY  25X  PHOTOMICP.OGRAPHIC  ANALYSES 

WITH  POLARI ZED-REFLECTED  LIGHT 


I 


most  prominent  band,  a  light  band  between  0.4  to  0,5  inches  depth,  coincided 
with  the  region  of  greatest  apparent  density  ond  least  porosity  In  the  mature 
char  zone.  The  second  most  prominent  band  was  a  0,2-Inch  wide  light  band 
below  0.9  inches  depth  coinciding  with  the  beginning  of  the  pyrolysis  zone. 

A  third  prominent  visible  zone  was  a  black  band  from  a  depth  of  1.1  inches  to 
1.5  Inches  coinciding  with  the  pyrolysis  zone. 

Both  inter-yam  and  inter-fiber  porosity  were  visible  to  a  1-inch  depth.  The 
largest  pores  or  microcracks  were  the  inter-yam  type  with  80  micron  (0.0032 
inch)  maximum  width.  These  were  concentrated  mainly  In  the  repetitive  dark 
bands  and  at  the  char  surface.  That  microcracking  did  not  extend  through  the 
pyrolysis  zone  ,  a  significant  difference  from  the  phenolic  carbon  materials, 
is  believed  related  to  the  lesser  pyrolysis  shrinkage  noted  in  furnace  char 
preparation  and  may  explain  the  relative  lack  of  delaminations  In  the  FM-5014 
chor.  Lack  of  delamination  is  also  believed  to  be  related  to  the  construction  of 
the  nozzle  in  ring  segments;  the  net  char  shrinkage  was  resolved  in  large  cracks 
at  the  weakly  bonded  ring  joints. 

No  anisotropic  or  “graph I tl zed"  material  other  than  the  graphite  cloth  fibers  was 
discernible  under  polarized  reflected  light.  Dork  inter-fiber  areas  in  both 
polarized  light  rotations  In  Figures  39  and  40  Indicate  the  lack  of  anisotropic 
material  on  pore  surfaces. 

Graphite-Cloth  Matrix  Characteristics 

As  in  the  tcpe  wrapped  MX-4926,  there  was  no  visible  volume  degradation  of 
reinforcement  fibers  and  the  volumetric  spacing  and  concentration  of  cloth  layers 
and  yams  appeared  constant  versus  char  depth.  Cloth  layers  were  oriented  at  an 
bogle  of  83*  from  the  char  surface  upstream  direction.  Yam  orientations  between 
plies  were  .  mdom.  Mean  fiber  diometer  was  estimated  to  be  0.00032  Inches.  In 
one  plane  with  HU  yams  oriented  at  60*  and  warp  yams  oriented  at  30*  to  the 
char  surface,  counts  of  27  fill  yams  per  Inch  aid  28  warp  yams  per  Inch  were 
obtained.  These  are  higher  than  prepreg  values,  indicating  compression.  A 
count  of  63  cloth  layers  per  inch  indicated  that  approximately  56  percent  Cum* 
pression  had  occurred  during  fabrication. 


DENSITY  AND  POROSITY  PROFILE 

Figuredl  illustrates  the  Inverse  proportionality  between  apparent  dry  density  and 
open  porosity  obtained  on  eh  or  depth  slices  and  the  comparison  of  measured  and 
computer  p'edicted  densities  in  the  post-test  char.  These  results  ore  on  H-series 
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char  depth  slices  token  parallel  to  the  surface  to  a  depth  of  0.4  inches  arid 
at  -4®  tc  the  surface  below  0.4  inches.  These  results  yield  the  same  conclu¬ 
sions  as  for  MX -4926  phenolic  carbon  and  validate  the  use  of  a  porosity  corre¬ 
lation  of  thermal  conductivity  data.  The  measured  p  ^  is  higher  than  predicted 
in  the  moture  char  zone  due  to  the  presence  of  thermally  unstable  material 
deposited  during  the  cooling  period.  Both  thermal  and  elemental  analyses  show 
rhe  presence  of  material  that  could  not  exist  at  the  temperatures  encountered  in 
the  mature  char  during  the  motor  firing  period. 

The  apparent  density  profiles  given  by  Rodocon  X-ray  transmission  measurements 
are  shown  in  Figure  42  .  An  abrupt  decrease  in  apparent  density  at  the  char  sur¬ 
face  is  clearly  shown  by  the  greater  resolution  of  the  Radocon  measurements.  This 
data  was  verified  by  supplementary  direct  density  measurements  on  the  surface 
slice  of  column  W-3.  The  apparent  density  at  the  surface  decreases  to  below  0.8 
g/cm^  and  open  porosity  increase  to  above  0.6.  The  solid  density  at  the  surface 
is  then  over  2.1  g/cm^. 

All  other  data  are  presented  in  terms  of  porosity  in  Figures  43  and  44  .  Com¬ 
plete  deta  for  both  char  depth  slice  orientations  show  similar  behavior  of  porosity 
versus  depth.  The  total  and  open  porosity  curves  are  an  average  of  three  measure¬ 
ments  on  each  of  three  specie  ens  per  zone  and  all  values  were  within  *5  percent 
o'  the  overage.  Both  total  porosity  and  closed  porosity  are  lower  than  for 
MX-4926,  and  total  porosity  and  solid  density  do  not  increase  with  depth  in  the 
char.  As  witn  MX-4926,  the  behavior  of  total  porosity  from  zone  to  zone  was 
reproduced  In  tne  furnace  chars  for  thermopbysu  property  mea$urements/however 
better  agreement  between  open  porosity  measurements  on  zone  specimens  and  char 
depth  slices  was  obtained  on  FM-5014  due  to  the  small  amount  of  very  large 
porosity.  The  open  and  penetrated  porosity  values  are  more  similar  to  MX-4926 
for  the  some  reason.  Typical  mercury  porosimefer  data  or,  a  char  depth  slice  are 
shown  in  Figu;e  43  .  Continuously  increasing  values  at  the  high  pressure  end  of 
the  run  were  attributed  to  compression  of  the  specimen,  which  would  tend  to  make 
the  results  low  in  the  fine  porosity  range. 

The  porosity  cata  indicates  thot  the  mature  char  zone  ends  at  approximately  a  0.8- 
inch  depth,  |r  agreement  with  all  other  analyses.  Below  0.7  inches  the  yr  creasing 
proportion  of  fine  voids  is  characteristic  of  this  material.  At  this  depth  the  difference 
between  pent  rated  anJ  open  porosity  is  believed  to  be  fine  voids  not  resolved  by 
the  mercury  p<. roslmetor  or  closed  due  to  specimen  compression.  Closer  to  the  sur¬ 
face  the  differ  snee  is  probably  large  voids  as  in  the  case  of  MX-4926.  Apparent 
densities  increase  and  porosities  decrease  steadily  in  the  pyrolysis  zone  and  con¬ 
verge  on  virgin  material  values  beyond  a  depth  of  1 .8  Inches, 
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FIGURE  42  FM-5014  CHAR  DENSITIES  CALCULATED  FROM  X-RAY  TRANSMITTANCE 

CORRELATIONS  WITH  DENSITY-THICKNESS  PRODUCT 
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FIGURE  43  FM-5014  CHAR  POROSITY  FRACTIONS  VS.  DEPTH 


THERMAL  STABILITY  PROFILE 


Tables  VI!  and  VIII  present  the  results  of  TGA  and  DTA  analyses  on  depth  slices 
from  the  FM-5014  post-test  char.  As  was  the  case  for  MX-4926,  values  of  two 
parameters  were  dependent  upon  depth  in  the  char,  the  TGA  total  weight-loss 
and  the  initial  temperature,  Ta,  of  the  first  exotherm  in  the  air  DTA.  These  data 
are  plotted  versus  char  depth  in  Figure  45  .  The  total  weight-loss  data  is  easily 
interpreted  as  a  measure  of  thermal  stability  of  all  material  at  any  depth  in  the 
char.  However,  the  DTA  data  appeared  to  be  a  function  of  both  pyrolysis  and 
“graphitization  ",  whereas  in  MX -4926  it  seemed  to  be  related  only  to  "graphiti- 
zation. " 

The  weight-loss  data  indicates  that  the  mature  char  zone  extei  Is  to  a  depth  of 
approximately  0.85  inch.  While  apparent  density  and  porosity  data  suggest  that 
the  mature  char  zone  might  extend  to  as  deep  as  1 .0  inch,  both  the  TGA  weight- 
loss  data  aid  the  elemental  analysis  data  indicate  that  the  density/porosity  pro¬ 
file  is  affected  by  a  high  content  of  pyrolysis  residue.  The  temperature  of  the 
first  node  in  both  the  TGA  and  DTA  results  increases  over  pyroiy»is  zone  values 
at  a  depth  of  1 .05  inches,  but  this  is  believed  to  be  related  to  chemical  changes 
from  partly  pyrolyzed  phenolic  rather  than  a  transition  from  the  pyrolysis  zone  to 
the  mature  char  zone. 

A  weight-loss  peak  in  the  mature  char  zone  at  0.45-inch  depth  indicates  a  lorge 
amount  of  hydrocarbon  pyrolysis  products,  in  agreement  with  elemental  analysis. 
This  deposition  occurred  during  cool-down  at  a  region  of  maximum  opparent 
density  and  minimum  open  porosity  in  the  mature  char.  These  products  showed 
very  stable  node  characteristics,  believed  indicative  of  a  high  temperature  crack¬ 
ing  fraction. 


COMPOSITION  PROFILE 

Composition  versus  depth  in  the  post-test  char  was  obtained  by  microcombustion 
analysis.  Electron  beam  microprobe  analysis  of  a  char  slice  at  0,75-inch  depth 
showed  the  presence  of  1  to  2  percent  chlorine  and  less  than  i  percent  potassium. 
Spark  analysis  of  ash  from  the  carbon -hydrogen  analysis  indicated  small  amounts 
of  Al,  Fe,  and  Si  and  traces  of  Ca,  Cu  and  Mg. 

Mic.-ocombustion  analysis  on  duplicate  char  depth  slices  for  total  carbon,,  hydrogen 
end  ash  with  the  remainder  attributed  to  Oxygen  are  summarized  in  Table  IX  . 

The  results  of  the  partition  of  the  elemental  analysis  are  also  shovsn  .  These  results 
confirm  that  thermally  unstable  hydrocarbon  material  was  deposited  below  0.2  inch 
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TABLE  VIII  CONT'D 


FIGURE  45  FM-5014  CHAR  THERMAL  ANALYSIS 


TABLE  IX  FM-5014  CHAR  ELEMENTAL  ANALYSIS  AND  ESTIMATED  PARTITION 
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In  the  mature  char.  Deposited  material  was  also  indicated  by  the  TGA  weight- 
loss  results  and  by  high  apparent  density  relative  to  computer  predictions  In  the 
mature  char  zones.  Pyrolysis  product  redeposition  is  not  included  in  the  compu¬ 
ter  predictions. 

The  elemental  analysis  partition  was  developed  on  the  basis  of  the  constant 
volume  concentration  of  carbon  in  cloth  and  filler  shown  in  photomicrographic 
analysis.  This  is  the  same  basis  used  for  MX-4926  and  it  was  verified  in  the 
same  way  by  calculating  the  elemental  analyses  of  virgin  and  char  surface  mar- 
erial.  At  other  depths  in  the  char,  stoichiometric  balances  were  mode  assuming 
that  the  ratio  of  hydrogen  atoms  to  seven  carbon  atoms  in  phenolic  resin  was 
5.5  (specimens  H-3  through  H— 1 1 )  and  that  the  total  oxygen  content  existed  in 
residual  phenolic  (specimens  H-13  aid  H-15).  The  results  of  carbon  partition 
are  plotted  in  Figure  46  . 

INTERNAL  “GRAPHITIZATION "  PROFILE 

X-ray  diffraction  on  the  top  surfaces  of  char  depth  slices  established  the  profile 
of  char  "graphitization"  shown  in  Figure  47  .  The  diffraction  intensities  at  the 
char  surface  are  about  twice  the  levels  for  the  virgin  material.  Since  no  inter- 
fiber  anisotropy  was  discernible  by  photomicrographic  analyses  with  polarized 
light,  the  additional  graphitization  in  the  mature  char  must  be  attributed  to  small 
crystallites  of  graphite  in  residual  or  filler  material  6r  further  graphitization  of 
fibers.  The  decrease  in  diffraction  into"  les  from  the  surface  to  virgin  material 
levels  at  a  depth  of  0.3  inches  was  the  r  .mary  characteristic  defining  char  zone 
!  in  this  material. 


COMPUTER  PREDICTED  INTERNAL  ABLATION  HISTORIES 

Predicted  densities  and  temperature  versus  time  and  depth  for  the  FM-5014  nozzle 
throat  are  given  in  Figure  48  .  The  results  are  similar  to  those  on  MX-4926  except 
that  deeper  charring  and  milder  temperature  gradients  result  from  the  longer  expo¬ 
sure  time  aid  higher  thermal  conductivity  for  this  material.  Ablation  aftor  shut¬ 
down  is  more  extensive  since  more  heat  is  stored  in  the  deeper  char.  The  general 
observations  made  in  reference  to  the  internal  histories  on  MX-4926  also  hold  for 
this  material . 
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FIGURE  46  FM-5014  CHAR  ELEMENTAL  CARBON  PARTITION 


FIGURE  47  FM-5014  CHAR  GRAPHITIZATION,  X-RAY  DIFFRACTION 

INTENSITY  VERSUS  CHAR  DEPTH 


T*«*>*rotvr*  -  *R 


FIGURE  48  FM- 5014  PREDICTED  INTERNAL  HISTORIES 
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SECTION  VIII 


CHA*  SAMPLES  FOR  THERMOPHYSICAL  PROPERTIES 


This  section  defines  the  subzones  in  the  mature  chars  of  the  nozzle  throat  materials, 
MX -4926  phenolic-carbon  and  FM-5014  phenolic-graphite.  Furnace  charring 
methods  used  to  reproduce  these  subzones,  designated  as  zones  I,  II,  and  III,  in 
the  form  of  large  samples  for  thsrmophysicol  property  measurements  ore  described. 

A  summary  of  the  results  of  complete  characterization  on  the  thermophysical  pro¬ 
perty  samples,  required  for  analysis  «--f  the  property  data.  Is  given. 


CHAR  ZONE  DEFINITION 

The  quantitative  description  of  the  post-test  nozzle  chars  provided  by  characterization 
enabled  the  selection  of  three  distinct  sub  zones  In  the  mature  char  layer  for  thermo- 
physical  property  measurements.  Measurements  on  each  of  these  zones  plus  the  vir¬ 
gin  material  enables  defining  changes  In  thermophysical  properties  accompanying 
ablation  in  these  materials.  The  mature  char  subzones  and  the  virgin  material  of 
both  MX-4926  and  FM- 50 55 A  are  described  as  follows: 

Char  Zone  I  -  This  stable  surface  zone  is  characterized  by  a  significant  amount  of 
graphitization,  high  porosity,  high  residual  carbon  content,  and  absence  of 
phenolic  resin.  This  zone  has  experienced  temperatures  from  2900 ®F  on  the 
inner  boundary  to  4600*F  on  the  outer  hot  face. 

Char  Zone  II  -  This  stable  middle  char  zone  is  similar  to  zone  I  o^cept  that  there  Is 
no  graphitization  md  pyrolysis  Is  complete  for  both  the  nozzle  chan  er  d  the 
chars  produced  ot  low  heating  rates  In  the  laboratory.  This  zone  has  experienced 
temperatures  frum  1900*F  to  2900*F. 

Char  Zone  III  -  This  zone  includes  the  outer  portion  of  the  pyrolysis  zone  and  is  simi¬ 
lar  to  zone  II  except  that  It  contains  some  unpyrolyzed  phenolic  and  contains 
leu  residual  carbon.  The  inner  boundary  of  this  zone  is  arbitrarily  placed  at 
a  level  which  experienced  a  1200*F  maximum  temperature* 

Virgin  Zone  -  Th  e  material  unaffected  by  heating  except  for  volatilization 

losses  not  excv  -*  percent  by  weight.  The  density  and  composition  are  those  of 
the  original  ablator  with  a  total  porosity  leu  than  3'percenf.  The  upper  temperature 
limit  of  this  zone  is  500 T  for  MX-4926  oid  700*F  for  FM-5014. 
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The  characteristics  of  each  of  these  zones  in  the  MX -4926  and  FM-5014  mature 
chars  are  summarized  in  Tables  X  and  XI  and  were  used  as  targets  for  establish** 
ing  furnace  charring  methods.  No  attempt  was  made  to  duplicate  tho  thermally 
unstcdsle  material  deposited  during  cool  down  in  the  zone  I  and  II  chars  because 
these  deposits  are  not  characteristic  of  an  ablating  char.  All  zone  characteristics 
were  duplicated  except  that  unavoidable  shrinkage  accompanying  the  pyrolysis  of 
the  unrestrained  furnace  chars  resulted  in  higher  apparent  density  and  lower  porosity 
than  measured  on  the  post-test  nozzle  chars. 


thermophysical  property  sample  production 

Virgin  material  from  the  nozzle  segment  was  used  to  prepare  FM-5014  char  samples/ 
but  the  MX-4926  nozzie  segment  virgin  material  was  insufficient  to  provide  all  the 
somples  required.  Therefore,  a  virgin  block  purchased  from  TRW  was  used  for  the 
MX-4926  char  samples.  It  was  produced  from  prepreg  remaining  from  nozzle 
production  and  its  density  was  close  to  that  of  the  nozzle.  Oversize  slabs  with  the 
required  laminae  orientations  for  the  thermal  conductivity  specimens  were  rough- 
cut  using  a  16-inch  reinforced,  aluminum  oxide,  abrasive  wheel.  Virgin  specimens 
were  machined  directly  from  the  rough  cut  slabs  and  char  specimens  were  machined 
after  the  charring  cycles  using  conventional  lothes  and  grinders.  Thermal  expansion 
and  specific  heat  specimens  were  machined  from  the  slab  material  adjacent  to  the 
portion  used  for  thermal  conductivity  specimens. 

Table  XII  lists  all  thermal  property  specimens  produced  from  the  slabs  described 
above  end  gives  the  code  identifications  used  in  this  report.  In  addition,  expansion 
and  specific  heat  specimens  were  also  machined  directly  from  the  virgin  and  char  of 
the  MX-4926  nozzle-throat  to  enable  direct  comparison  of  real  and  analogue  char 
materials  for  one  oblator.  Data  from  these  specimens  are  designated  as  "nozzle" 
data  in  the  discussion  of  thermal  expansion  and  specific  heat  results. 

The  fun. ace  char  analogues  of  zones  I,  II,  and  III  were  produced  by  charring  virgin 
slobs  in  on  argon  atmosphere  in  cn  induction-heated  graphite  retort,  shown  in  Figure  49. 
Each  slab  was  supported  by  posts  inserted  into  the  bate  plate.  Up  to  four  slabs  were 
charred  at  the  same  time  to  insure  uniformity.  After  the  loaded  retort  was  placed 
into  a  ceramic-potted,  water-cooled  induction  coil,  fine  graphite  powder  was 
added  as  thermal  insulation  between  the  coii  and  susceptor  and  over  the  cover.  Heat¬ 
ing  cycles  were  controlled  with  two  interchangeable  cam  program  controllers  -  one 
for  Type  R  thermocouple  control  to  2500®F  and  the  second  for  radiometer  control 
between  2500*F  and  5000*F  -  which  activated  a  100  KW,  9600  cycle  induction  power 
supply. 
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TABLE  X 

CHARACTERISTICS  Of  MIMARY  ZONES  IN  MX-4926  NOZZLE 


Angle  estobliihed  along  cloth  bias  in  MX-4926;  random  cloth  orientation  in  FM-S014 
Conductivity  data  In  error  -  not  reported 


A  lorge  number  of  heating  cycles  were  tried  to  establish  the  fastest  cycle  that  would 
not  cause  delamination .  The  MX -4926  material  was  much  more  sensitive  in  this 
respect,  so  that  the  common  beoHng  cycle  used  for  both  materials  was  established 
by  the  behavior  of  MX-4926.  Selection  of  the  maximum  furnace  temperature  for 
producing  zone  III  chars,  1200*F,  was  based  on  weight  lost  on  heating  to  1800*F  in 
TGA  tests  of  test  pieces*  The  maximum  furnace  temperature  for  zone  II  and  I  chars, 
2500‘F  ano  4000*F  respectively,  was  based  on  X-ray  diffraction  analysis  for  “graphi- 
tization"  on  trail  furnace  slabs.  The  zone  I  samples  were  process^  so  that  they  were 
sufficiently  graphitized  that  they  were  like  near-to-the-surface  chars,  thereby  yield¬ 
ing  stable  samples  for  measurements  at  the  highest  temperatures. 

The  furnace  charring  cycles  for  zones  II  end  ill  ar*  shovm  In  Figure  30'  The  stepwise 
holding  at  several  temperatures  was  found  necessary  for  minimizing  delaminations  and 
precluded  varying  heating  rates  to  modify  sample  characteristics.  The  sample 
characteristics  were  established  primarily  by  the  maximum  temperature  reached.  AH 
zone  I  furnace  chars  were  first  subjected  to  the  zone  il  cycle  to  complete  all  pyrolysis 
and  then  rerun  on  the  cycle  given  in  Figure  51  to  graphitize  to  zone  i  condition. 

The  thermal  stability  of  each  virgin  and  furnace  char  material  for  thermophysical 
property  measurements  was  verified  in  advunce  by  a  five-hour  temperature  soak  at 
the  highest  hot  faefc  temperature  expected  in  the  thermal  conductivity  tests.  TGA 
tests  on  portions  of  the  rough-cut  virgin  slabs  shown  in  Figure  52  gave  a  4  percent 
weight  loss  on  FM-5014  nt  700*F  and  indicated  that  virgin  MX-4926  could  not  be 
heated  above  300° F  if  greater  weight  loss  was  to  be  avoided.  Temperature  limits  of 
700*  F  and  500"F  were  then  established  for  virgin  thermal  properties.  The  TGA  data 
shown  in  Figure  53  indicated  that  1000*F  should  be  the  temperature  limit  for  zone 
III  chan.  Stability  was  verified  for  a  vocuum  test  environment  in  a  Cahn  Vacuum 
Microbalance  by  a  weight  loss  of  only  0.13  percent  in  2.5  hours  at  1000*F  and  10”^ 
Torr,  The  thermal  stability  limits  for  zone  II  and  I  char  samples  were  the  same  as  the 
maximum  charring  temperatures,  2500*F  and  4000*F  respectively,  since  negligible 
changes  in  weight  or  X-ray  diffraction  intensity  resulted  from  continued  heating  at 
these  temperatures. 

The  fact  that  the  "graphitization"  during  all  furnace  charring  tr^s  was  found  to  be 
a  function  of  temperature,  but  not  time,  was  the  basis  for  assuming  that  "graphitization" 
during  ablation  could  be  considered  independent  of  any  rate  effects,  i.e.,  extent  of 
"graphitization"  at  any  temperature  is  independent  of  the  heating  rate  in  reaching 
that  temperature.  This  assumption  simplified  the  extrapolation  of  thermal  conductivity 
data  in  the  "graphitized”,  fully  pyrolyzed  char  as  described  in  section  IX.  Although 
the  difference  between  active  ablation  heating  rates  rod  heating  rates  obtainable  in 
o  furnace  does  not  permit  direct  evaluation  of  this  assumption,  the  fact  that  "graphiti¬ 
zation"  in  the  zone  II  and  I  post-test  chan  was  reproduced  at  temperatures  on  400*F  to 
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FIGURE  51  RECORD  OF  MEASURED  TEMPERATURE  VS.  TIME  FOR  FINAL 
HEATING  OF  ZONE  I  SPECIMENS 
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Time,  Minuses 

FIGURE  52  VIRGIN  SAMPLE  TGA  REMAINING  WEIGHT  VS.  TIME 


500CF  lower  In  furnace  chars  is  taken  as  evidence  that  “graph iri za tion "  rate  effects 
are  small  compared  to  pyrolysis  rate  effects.  In  pyrolysis  rats  controlled  zone  III/ 
equivalent  furnace  chars  were  obtained  at  900°F  lower  temperatures  than  active 
ablation  chars.  That  pyrolysis  rate  effects  cannot  be  ignored  in  applying  thermal 
conductivity  data  was  previously  discussed  in  section  V. 

THERMOPHYSICAL  PROPERTY  SAMPLE  CHARACTERISTICS 

Furnace  chars  were  characterized  in  the  same  manner  as  post-test  chars.  DTA  measure¬ 
ments  were  omitted,  since,  as  previously  discussed,  they  were  un interpretable.  Micro¬ 
combustion  elemental  analyses  were  run  only  on  zone  III  chars,  since  virgin  analyses 
were  already  available  and  zones  II  and  I  were  completely  pyrolyzed.  All  characteri¬ 
zation  prior  to  thermophysical  property  measurements  utilized  portions  of  the  furnace 
slabs  adjacent  to  the  thermal  conductivity  specimens.  This  program  has  emphasized 
density/porosity  measurements  because  of  the  assumption  that  conductivity  is  markedly 
porosity  dependent  arid  because  of  furnace  char  slabs  with  controlled  and  uniform 
density  were  desired.  The  Radocon  X-ray  transmission  measurement  of  density  turned 
out  to  be  very  suitable  for  chars.  The  only  deviations  from  the  required  char  uni¬ 
formity  (i0.02  2  gm/cm^)  were  in  the  0-degree  and  some  of  the  20-degree  orientation 
samples  which  tended  to  have  lower  apparent  density  near  the  edges  due  to  delamina¬ 
tion  at  the  edges.  Since  the  expected  strong  effect  of  porosity  on  thermal  conductivity 
was  verified  during  the  conductivity  measurements,  density/porosity  measurements 
were  made  on  the  center  portion  of  the  thermal  conductivity  specimens  after  they  were 
tested,  whenever  time  permitted.  These  test  values  include  any  effects  of  the  exposure 
to  the  property  measurement  environment. 

Furnace  slab  and  conductivity  sample  characterization  results  for  char  zones  I,  II,  and 
III  are  summerized  in  Table  Xlil.  The  two  types  of  values  agree  well  except  for  speci¬ 
men..  PC-Ii-70  anu  r^-lil-Q,  which  apparently  Had  a  fer.dency  lo  contract  in  the  90- 
degree  orientation  and  expand  or  delaminate  in  the  0-degree  orientation  during  the 
thermal  conductivity  measurements.  Generally  good  agreement  of  before  and  after 
test  values  from  different  portions  of  the  furnace  char  slab  verified  that  the  samples 
were  uniform  and  stable  during  the  measurements. 

It  was  anticipated  that  future  more  detailed  correlation  of  porosity  with  thermal  con¬ 
ductivity  would  require  a  knowledge  of  the  pore  size  distribution.  Therefore,  the 
limited  number  of  furnace  char  slab  portions  available  for  density/porosity  characteri¬ 
zation  were  assigned  to  one  or  the  other  of  the  two  destructive  tests:  determination  of 
true  solid  density  and  total  porosity  or  determination  of  the  size  distribution  of  open 
pores.  This  accounts  for  the  alternate  appearance  of  Ps,  and  $  f  or  £  p  and  size 
distributions  in  Table  XIII  .  The  nondestructive  determination  of  £  was  conducted 
on  all  of  these  specimens.  Two  sets  of  (  p  and  size  distribution  results  are  missing  due 
to  equipment  failure  during  the  runs.  In  general,  the  furnace  chars  have  a  lower  fraction 
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of  the  large  interfiber  and  interlaminar  “pores"  and  a  corresponding  lower  $ 
than  do  the  equivalent  nozzle  chars,  probably  a  result  of  the  shrinkage  of  unrestrained 
specimens  in  the  furnace  during  pyrolysis  and  the  rela.ed  delamination  in  nozzle  chars 
restrained  by  attachment  to  virgin  material. 

Partition  of  the  results  of  elemental  analyses  on  zone  III  furnace  slabs  showed  that  both 
furnace  char  materials  had  a  higher  H2O  content  but  the  same  range  of  phenolic  hydro¬ 
carbon  content  as  the  post-test  nozzle  chars.  The  amount  of  pure  carbon  pyrolysis 
residue  was  the  same  in  both  nozzle  and  furnace  chars  of  FM-5014  material,  but  the 
results  indicated  th  t  MX-4926  zone  III  furnace  chars  had  slightly  less  carbon  pyrolysis 
residue  than  the  zone  III  nozzle  char.  The  MX-4926  PC— 1 1 1— 90  specimen  had  the 
lowest  phenolic  content,  consistent  with  the  fact  that  it  had  the  lowest  TGA  weight 
loss  of  the  MX-4926  zone  lit  furnace  char. 

The  internal  appearance  of  zone  I  furnace  char  specimens  is  shown  in  Figures  54  and  55  . 
Under  polarized  light,  the  MX-4926  material  shows  a  high  concentration  of  "graph iti zed" 
residual  material  between  fibers,  just  as  in  the  nozzle  chars.  Although  FM-5014  nozzle 
chars  contained  no  "graphitization",  the  amount  of  "graphitization  "  in  FM-5014  furnace 
chars  was  very  low  compared  to  MX-4926  furnace  chars,  thereby  maintaining  the  rela¬ 
tive  effect  of  graphitization  in  the  two  materials.  Even  though  furnace  charring 
conditions  are  very  different  from  active  ablation,  the  "graphitization"  phenomena  of 
each  nozzle  char  was  reproduced  in  the  furnace  chars. 

Characterization  of  virgin  materials  for  thermophysical  property  measurements  consisted 
simply  of  verifying  their  uniformity  and  establishing  that  all  target  values  for  the  virgin 
zone  in  Tables  X  and  XI  were  met.  R orbeer,  density  surveys  showed  the  virgin  speci¬ 
mens  to  be  uniform  within  i0.008  g/cmJ  of  the  target  values.  The  only  other  require¬ 
ment  for  virgin  sample  characterization  was  assurance  that  the  laminates  met  the 
material  specification  requirements  for  tensile  strength.  For  FM-5014,  strength  had 
been  measured  by  the  nozzle  fabricator.  !"or  MX-4926,  samples  from  the  TRW  blocl.s 
were  selected  because  they  were  made  from  nozzle  prepreg,  reproduced  the  nozzle 
density,  and  were  of  generally  excellent  quality.  There  was  insufficient  materiel 
available  to  conduct  mechanical  property  tests  in  addition  to  all  the  other  tests. 
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FIGURE  54  MX-4926  ZONE  !  FURNACE  CHAR  PHOTOMICROGRAPHS,  100X 
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FIGURE  55  FM-5014  ZONE  I  FURNACE  CHAR  PHOTOMICROGRAPHS,  100X 
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SECTION  IX 


THERMAL  CONDUCTIVITY  MEASUREMENTS 


TEST  METHODS 

Thermal  conductivity  wus  measured  by  a  steady-state,  one-dimensional  heat  flow, 
comparative  method  using  disk-shaped  specimens.  This  method  uses  a  heat  meter 
of  l.nc'vn  conductivity  in  series  with  the  specimen  to  measure  the  heat  flux  common 
to  both.  Thermocouples  ore  placed  aiong  the  axis  of  the  specimen  at  known  loca¬ 
tions  to  measure  the  temperatures.  The  conductivity  of  the  specimen  is  then  calcu¬ 
lated  from  the  usual  one-dimensional  formulo,  K  a  •  Q  's  the  measured 

heat  flux  through  the  test  volume  of  the  specimen,  A/d  is  me  test  area  to  thermocouple 
spacing  ratio  in  the  specimen,  and  AT  is  the  temperature  difference  between  the 
axial  specimen  thermocouple.. 

A  one-dimensional  steady-state  heat  flow  measurement  method  is  desirable  and 
highly  practical  for  several  reasons.  Steady-state  methods  yield  the  highest  accur¬ 
acy  attainable  in  thermal  conductivity  measurements  because  the  conductivity  is 
the  only  vCiricidc  involved  in  a  steady  flow  of  heat  through  o  material.  By  forcing 
the  steady  heat  flow  to  be  one-dimensional,  the  amount  of  required  information  is 
reauceo  and  the  interpretation  ot  the  data  is  simplified.  The  attainment  of  truly  one- 
dimensional  heat  flow  of  the  proper  magnitude  through  o  specimen  is  complicated  by 
many  factors,  especially  in  highly  anisotropic  specimens.  The  two  main  considera¬ 
tions  are  radial  heat  fluxes  within  the  specimen  and  control  of  axial  temperature 
gradients  through  the  specimen  and  heat  meter. 

Test  Apparatus 

The  self-Q  yarding  disk  comporot? ve  technique  permits  control  of  these  factor; . 
Generally,  the  •xpc.i.T.fc.l  .1  u.iun„?menr  cons^'ts  of  «  heater,  the  disk  specimen, 
and  the  heat-flow  merer  with  onached  heat  sink  all  in  series,  with  each  element 
thermally  bonded  to  the  next.  Figure  56  will  help  in  the  visualization  of  the 
physical  arrangement  of  the  components  in  the  discussion  to  follow. 

Control  of  axial  temperature  gradients  i:  important  because  the  gradient  in  the  heat 
meter  is  used  to  compute  the  steady  state  heat  flux  in  the  specimen,  and  the  gradient 
in  the  specimen  is  required  for  the  calculation  of  its  thermal  conductivity .  If  the 
gradient  in  either  the  specimen  or  the  heat  meter  is  too  small,  individual  temperature 
errors  will  constitute  a  large  percentage  of  the  measured  temperature  gradient,  and 
cause  a  large  error  in  the  computed  conductivity.  If  the  gradient  is  too  large,  the 
resulting  mean  conductivity  will  not  apply  at  the  corresponding  arithmetic  me  5n 
temperature  if  the  conductivity  is  o  non-linear  function  of  temperature . 
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The  test  apparatus  was  designed  to  provide  optimum  cai  trol  of  the  axial  temper¬ 
ature  gradients.  First,  the  gradients  in  the  specimen  ar.rl  in  the  heat  metei  were 
made  nearly  equal  by  marching  the  conductivity  of  the  meter  to  that  of  the 
specimen.  Since  pyrocergm  9606  approximates  the  conductivity  of  the  virgin 
materials,  it  was  used  for  the  low-temperature  measurements  on  the  virgin  peci- 
mens.  Similarly,  type  347  stainless  steel  war  used  for  the  high  temperature 
measurements  because  its  conductivity  approximates  those  of  the  char  specimens. 
Second,  the  gradient  was  controlled  within  the  des:ted  range  by  varying  the 
thermal  resistance  between  the  specimen  and  the  heat  meter,  thereby  controlling 
the  level  of  heat  flux  In  the  system.  For  the  low  temperature  virgin  and  zone  III 
specimens,  either  one  or  thi«e  pads  of  woven  amphitc  cloth  were  placed  between 
the  specimen  aid  the  heat  rreter.  For  zone  II  and  I  specimens,  the  number  of 
pads  used  iximum  ot  t**n '  r-^pended  on  the  specimen  lamination  aiglo  and  the 
highest  test  temt«ircture  expected. 

Radial  hear  fluxes  must  be  minimized,  because  the  conductivity  is  calculated  from 
the  axial  tlux  leaving  the  specimen  and  entering  the  heat  meter.  Depending  on 
its  direction,  a  radial  flux  will  either  add  to  or  subtract  from  the  axial  flux 
measured  by  the  heat  meter,  thus  Introducing  error  in  the  conductivity  determina¬ 
tion  . 

Radiol  heat  fluxes  are  extremely  difficult  to  eliminate  in  ft-*  one-dimensional, 
axial  flow  technique,  and  usually  can  only  be  minimized  by  o  prudent  choice  of 
specimen  diometer-to-fhickness  ratio  ar.d  the  use  of  appropriate  heat  shielding 
around  the  curved  surface  of  the  specimen  and  heat  meter.  Orly  the  central 
1 -inch-diameter  specimen  is  utilized  as  the  test  volume.  The  remainder  of  the 
specimen  acts  as  a  guard  ogoinst  radial  loss  of  heat  from  the  test  core.  An  optimum 
practical  choice  of  specimen  diameter-fo-thickness  ratio  exists  for  each  specimen, 
depending  on  the  level  of  conductivity  and  the  degree  of  specimen  anisotropy 
expected,  in  genera! ,  the  high  values  of  diamster-to-thickr,s.''  ratio  are  better. 

Radial  heat  flow  in  the  heat-flow  meters  is  minimized  by  a  series  cf  guard 
cylinders.  Only  the  innermost  1 -inch-diameter  cylinder  is  used  as  the  meter  for 
measuring  heat  flow  from  the  1 -inch-diameter  specimens  test  core.  The  construction 
of  the  heat-flow  meters  is  illustrated  in  Figures  56  and  57 

The  heat  shielding  around  the  specimen  and  feat  meter  was  designed  to  fit  the 
temperature  range  that  was  to  be  expei ien.ced.  The  virgin  and  zone  III  specimens 
were  tested  in  one  atmosphere  pressu-e  of  argon,  so  care  was  taken  to  prevent 
heat  transfer  by  convection.  For  the  zone  II  and  zone  I  specimens,  which  were  ri>n 
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in  vacuum,  shielding  against  radiation  losses  was  ot  prime  importance.  The  actual 
shielding  arrangements  used  in  zone  III,  II,  and  I  measurements  were  variations  of 
those  shown  schemuti'oily  in  Figure  58  c 

Conduction-type  heaters  were  used  in  the  low-temperature  virgin  and  zone  III 
material  measurements.  These  heater1-,  shown  in  Figures  56  and  58  ,  consisted 
of  massive  metal  blocks  internally  heated  electrically.  The  metal  biock  vAieh 
had  high  conductivity  relative  to  the  specimens  distributed  the  heat  generated  by 
the  resistance  heater.  The  weight  of  the  metal  block  kept  the  specimen  flat 
against  the  heat-flow  meter  below-  and  discourager’  delamination  of  the  specimen. 

In  the  virgin  and  zone  II!  measurements,  one  layer  cf  woven  graphite  cloth  was 
placed  between  the  heater  block  and  the  specimen  to  make  uniform  the  heat 
distribution  over  the  surface  of  the  specimen  by  filling  the  small  gaps  between  the 
heater  and  specimen  surfaces  caused  by  macroscopic  variations  in  the  surfaces  of 
the  specimen. 

7 one  II  and  I  measurements  dictated  the  use  of  radiation  heaters  in  order  to  provide 
the  temperature  and  flux  density  required.  For  the  zone  III  specimens,  o  tantalum 
radiation  heater  was  used.  A  molybdenum  cylindrical  block  of  the  same  diameter 
as  the  specimen  was  placed  on  the  specimen  to  keep  it  flat  against  the  meter  below 
and  to  reduce  the  possibility  of  delamination ,  Again,  one  layer  of  graphite  cloth 
provided  o  conduction  bond  between  the  weight  and  the  specimen.  For  the  zone  ! 
measurements,  a  graphite  paddle  heater  was  used,  and  a  tungsten  cylindrical 
block  weighted  the  specimen.  No  graphite  cloth  was  used  between  the  tungsten 
block  and  specimen  in  this  case  becouse  radiation  heat  transfer  reduces  the  effect 
of  surface  irregularities  on  the  thermal  bond  between  the  block  and  specimen. 

Figure  58  shows  the  positioning  of  the  heaters,  specimen  weights,  and  specimens. 

Chromel-alumel  thermocouples  were  used  in  the  virgin  and  zone  III  char  materials, 
platinum-rhodium  and  tungsten -rhenium  in  the  zone  II  chars,  and  tungsten -rhenium 
in  the  zone  I  chars.  The  thermocouple  bead  was  bonded  to  the  specimen  with  a 
high  temperature,  graphite-base  cement.  A  good  thermal  bond  between  thermo¬ 
couple  and  specimen  is  essential  to  insure  precision  and  accuracy  in  the  differen¬ 
tial  temperature  measurements  required  for  the  calculation  of  the  thermal  conductivty. 

Test  Procedure 

The  measurement  procedure,  after  appropriate  setup  involving  instrumentation,  insu¬ 
lation,  and  environment  control,  entailed  the  recording  of  temperatures  in  the 
specimen  aid  heat-flow  meter  at  each  nf  several  thermal  equilibria.  These  data 
permitted  calculation  at  each  equilibrium  of  three  values  of  thermal  conductivity  - 
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FIGURE  58  SCHEMATIC  OF  THERMAL  CONDUCTIVITY  APPARATUS  SHOWING  VARIATIONS 
IN  HEATERS  AND  SHIELDING  REQUIRED  FOR  EACH  TEMPERATURE  ZONE 


on«  for  the  average  temperature  between  each  pair  of  specimen  thermocouples. 
See  Figures  56  and  58  .  Data  were  recorded  at  four  or  more  equilibria  for 
each  specimen.  Most  measurements  were  made  at  equilibria  at  successively 
increasing  temperatures,  followed  by  of  least  one  set  of  measurements  at  a 
lower  temperature  equilibria  to  determine  the  effect  on  the  stdsility  of  the 
specimens  of  the  long  soak  periods  required  for  the  measurements  at  high  temper¬ 
ature  . 

The  specimens  were  machined  to  appropriate  dimensions.  In  some  cases, 
especially  those  with  Odegree  laminations,  if  was  necessary  to  lap  the  flat  sur¬ 
faces  of  the  3-inch-dlameter  by  1/2  to  3/4-Inch  thick  disks  to  achieve  plane 
surfaces.  Thermocouple  wells  were  then  drilled  and  thermocouples  fitted. 


RESULTS  OF  THERMAL  CONDUCTIVITY  MEASUREMENTS 

Figures  59  through  80  show  the  measured  conductivity  values.  Data  are 
Included  for  all  specimens  identified  in  Table  XII  ,  section  VIII  except  PC-1 1—45 
and  PC-l-45.  Results  of  measurements  on  these  specimens  showed  too  much 
scatter  x>  permit  good  definition  of  conductivity  and  there  was  insufficient  time 
in  the  program  to  remeasure  them.  However,  certain  correlations  appear  reason¬ 
able,  as  pointed  out  in  subsequent  sections,  and  these  permit  the  conductivity 
values  for  these  two  specimens  to  be  estimated. 

The  locations  of  the  curves  fitted  to  the  data  wore  weighted  on  the  basis  of 
several  factors,  discussed  in  later  sections ^and  represent  best  estimates  of  the 
actual  property  values.  The  scales  chosen  for  each  curve  reflect  the  accuracy 
attained  in  the  mnasurements. 

Figures  81  and  82  are  composites  of  the  thermal  conductivity  curves  for  all  zones 
of  the  two  materals.  The  following  summary  points  are  noted: 

(1)  Apparent  thermal  conductivity,  or  conductance,  of  these  materials  is  not 
especially  sensitive  to  temperature  in  moderate  temperature  ranges.  Effects 
of  photon  transfer  become  obvious  above  about  2400  R. 

(2)  The  radiation  transfer  effect  appears  to  be  much  more  pronounced  in  the 
FM-5014  material  than  in  the  MX-4926, 

(3)  In  general,  conductance  decreases  as  pyrolysis  Increases;  this  is  attributed 
to  a  corresponding  Increcee  in  porosity.  However,  values  for  zone  I  chars 
were  usually  higher  than  those  for  zone  II  chars.  The  higher  level  In  zone 
I  over  zone  II  and  in  the  case  of  the  MX-4926  material,  zone  II  over  zone 
III,  is  considered  to  be  due  to  "graphitization . " 
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(4)  Comparison  of  results  for  all  materials  show*  the  dominant  effect  of  the 
cloth  direction  on  conductivity. 

(5)  Conductivity  of  the  MX -4926  material  appears  to  be  dramatically  affected 
by  "graphitizaf  ion . " 

(6)  The  laboratory-charred  specimen*  were  extremely  stable.  No  change  in 
the  measured  thermo!  conductivity  upon  return  to  low  temperatu'e  from  the 
maximum  prescribed  temperature  limit  was  discovered,  and  the  appearance 
of  the  specimens  was  uncharged. 

ANALYSIS  OF  THERMAL  CONDUCTIVITY  RESULTS 

In  addition  to  items  mentioned  ir  the  general  statements  in  the  "Results”  section 
above,  several  other  pertinent  factors  influenced  the  measured  thermal  conducti¬ 
vity  of  the  MX-4926  and  FM-5014  virgin  and  char  materials.  These  included 
porosity,  "graphitizafier,  "  effects  of  layup  angle,  effects  of  cn isotropy,  and  radia¬ 
tion  transfer.  Also  an  anolysis  of  errors  associated  with  the  test  mediod  is  considered. 
These  topics  are  discussed  next. 

Error  Anolysis 

The  apparent  symmetry  aid  seemingly  simple  boundary  conditions  of  the  self- 
guarding  disk  method  suggest  that  an  analytical  model  could  be  developed  which 
would  describe  well  the  influence  of  the  various  experimental  parameters  on  the 
temperature  distribution  and  heat-flux  pattern  obtained  in  a  given  specimen. 
However,  the  boundary  conditions  are  actually  quite  complex,  and  simplifications 
lead  to  analytical  models  which  are  insufficien  tly  definitive  and  therefore  give  Over¬ 
simplified  results.  Several  analytical  models  which  were  developed  during  this  study 
proved  inadequate  to  explain  the  temperature  profiles  observed  in  the  instrumental 
specimens  and  heat-flow  meter.  Appropriate  complex  models  could  hove  been 
developed,  but  would  have  required  numerical  solutions,  and  therefore,  would  not 
have  allowed  the  relative  influence  of  experimental  variables  to  be  discerned  with¬ 
out  extensive  parametric  studies,  particularly  in  view  of  the  highly  anisotropic 
specimens  measured  in  this  program. 

For  this  reason,  specimens  were  instrumented  and  measured  under  appropriate  condi¬ 
tions  in  order  to  demonstrate  experimentally  the  accuracy  and  reproducibility  that 
could  be  expected  in  the  measurements  conducted.  This  approach  to  error  analysis 
was  accepted  as  the  most  realistic  after  the  difficulty  ond  inadequacy  of  cnalytical 
analysis  wos  proven  by  the  failure  of  several  models  to  account  for  the  observed 
temperature  profiles. 
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FIGURE  39  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-V-O  (MX-4926) 


FIGURE  60  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-V-20  (MX-4926) 
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FIGURE  63  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-lll-O  (MX-4926) 
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FIGURE-^4  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-II 1-20  (MX-4926) 
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FIGURE  67 


FIGURE  68 
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FIGURE  70  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-I-O  (MX-4926) 
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FIGURE  77  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PG-!  I  -O  (FM-5014) 
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FIGURE  78  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PG-II  -90  (FM-5014) 
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COMPOSITE  Of  THERMAL  CONDUCTIVITY  DATA  FOR  MX -4926  (PHENOLIC-CARBON) 


The  accuracy  of  the  reported  measurements  is  defined  as  the  confidence  asso¬ 
ciated  with  the  values  assigned  to  the  specimen  conductivities  by  the  curves 
fitted  to  the  data.  The  accuracy  of  the  dola  was  limited  by  the  uncertainties 
associated  with  thermocouple  calibration  and  thermocouple  bead  location,  heat 
meter  calibration,  and  measurement  technique.  The  latter  refers  largely  to  the 
effects  of  heat  fluxes  developed  in  the  specimen,  the  graphite  cloth  thermal 
resistance  elements,  and  in  the  heat-flow  meter  in  directions  other  than  that 
desired  for  the  longitudinal  conductivity  measurement. 

The  precision  of  the  measurement  refers  to  the  reproducibility  of  the  values 
obtained,  i.e.,  the  limits  within  which  the  measurements  can  be  reproduced. 

Two  of  the  specimens  ( PC—  1 1—0  and  PC— 1 1— 90)  were  instrumented  for  use  in  the 
error  experiments.  Both  were  measured  under  various  boundary  conditions  which 
produced  variations  in  measured  thermal  conductivity  due  to  on  accumulation  of 
experimental  errors.  The  observed  variations  in  measured  thermal  conductivity 
were  then  used  to  estimate  probable  experimental  error.  The  range  of  boundary 
conditions  which  produced  variations  in  measured  conductivity  were  extreme 
enough  that  cny  other  0-  and  90-degree  specimens  would  have  a  high  probabil¬ 
ity  of  being  measured  under  condilions  included  in  the  range  produced  in  the 
error  experiments.  The  error  for  specimens  with  lamination  angles  between  0- 
and  90-degrees  was  inferred  from  the  two  extreme  cases.  Zone  II  specimens 
were  chosen  for  the  error  experiments  because  the  zone  II  measurements  included 
more  sources  of  error  for  the  high  temperature  zone  I  measurements.  Zone  I 
specimens  were  not  considered  f^r  the  error  experiments  because  of  difficulty  in 
reliably  instrumenting  a  high-temperature  specimen  For  extensive  measurements . 

Details  of  the  procedure  and  results  of  this  experimental  error  analysis  are  presented 
and  discussed  in  Appendix  A. 

Because  of  the  procedures  followed,  the  precision  and  the  accuracy  are  intimately 
connected.  For  example,  in  the  error  experiment  on  specimen  PC-ll-0,  the  boundary 
condition*  were  varied  to  bracket  the  conditions  under  which  any  0-degree  speci¬ 
men  may  have  been  measured.  Then  the  observed  variation  of  the  measured  thermal 
conductivity  from  the  mean  was  taken  as  the  accuracy  limit  for  the  (-.nortcd  thermal 
conductivity  curve.  Similarly,  any  0-degree  specimen  may  have  exp  ienced  a  set 
of  boundary  conditions  within  the  range  established  with  specimen  PC-ll-0,  since 
the  exact  boundary  condition*  experienced  by  o  given  specimen  hod  some  degree 
of  randomness  attached.  Thus,  it*  precision  in  this  case  was,  at  worst,  the  tame 
as  the  accuracy  assigned  to  the  measurement.  For  this  reason  the  precision  and 
accuracy  have  the  tame  percentage  values. 


Utilizing  the  procedure  outlined  above,  limits  for  the  accuracy  and  precision  for 
the  reported  data  for  all  specimens  measured  in  this  program  were  obtained.  The 
details  of  the  procedure  ^>pear  in  Appendix  A  results  are  listed  in  Table  XIV  . 
These  error  limits  include  all  sources  of  error  outlined  here  and  in  the  following 
sections.  As  such,  they  should  be  considered  maximum  limits.  For  most  of  the 
spec'  in '  s,  the  maximum  deviation  of  the  measured  data  points  from  the  curve  was 
les.  than  1/2  that  listed  in  Table  XIV 


TABLE  XIV  SUMMARY  OF  THE  ASSIGNED  ACCURACY  AND 

PRECISION  LIMITS  FOR  THERMAL  CONDUCTIVITY 
MEASUREMENTS,  IN  PERCENT  REPORTED  VALUE 


All  0-degree  lamination  specimens  in  zones  III  and  virgin:  ±8 

All  0-degrec  lamination  specimens  in  zones  II  and  f:  *16 

All  20-degree  lamination  specimens  in  zones  III  end  Virgin:  *10 

All  20-degree  lamination  specimens  in  zones  II  and  I:  *18 

All  45-degree  lamination  specimens  in  zones  III  and  virgin:  ±12 

All  90-degree  lamination  specimens  in  zones  II1  and  virgin:  ±15 

90-degree  lamination  specimens  in  zone  II  and  zone  I, 

FM-5014  only:  ±20 

90-degree  lamination  specimens  in  zone  !t  and  zone  I, 

MX -4926  only:  ±25 


Correlation  of  Conductivity  ond  Porosity 

As  curves  were  fitted  to  the  conductivity  dato,  it  w«  noticed  that  the  changes  in 
conduclivity  from  one  zone  to  another  followed  the  pattern  predicted  by  the  known 
changes  in  porosity  between  zones.  Therefore,  a  semi-^uontitative  correlation  of  the 
thermal  conductivity  data  across  zones  was  developed.  In  some  cases,  good  correlation 
of  the  change  in  conductivity  fron  one  zone  to  another,  in  terms  of  the  changes  in 
porosity  of  the  specimens  between  these  zones,  was  obvious  .  The  porosity  correlation 
is  one  of  the  relationships  needed  to  extrapolate  the  conductivity  dota  to  nonequilibrium 
states  of  active  chars.  It  is  the  primary  correlation  needed  to  predict  conductivity  in 
the  pyrolysis  zone.  Details  relative  to  the  establishment  of  this  correlation  are  pre¬ 
sented  in  Appendix  B.  A  brief  summary  of  this  evaluation  as  it  pertains  to  the  two 
materials  follows. 


For  the  FM-5014,  0 -decree  lamination  material  the  change  in  thermal  conductivity 
with  continued  pyrolysis  of  the  reiln  from  the  dense  virgin  state  up  to  the  region 
where  significant  "gr^hltizaflon"  of  the  filler  material  and  resin  residue  occurred 
could  largely  be  accounted  for  simply  by  a  change  in  poraaity  of  the  material .  In 
other  words,  up  to  the  temperature  region  whore  the  process  of  "graphitization" 
begins  to  significantly  affect  the  microstrucfure  of  the  material,  the  degradation  of 
the  resin  appears  to  affect  the  thermal  conductivity  only  through  an  associated  In¬ 
crease  In  the  porosity  of  the  materlol,  the  chemical  changes  accompanying  the  pyrolysis 
process  having  little  influence  on  *he  thermal  conductivity. 

In  the  FM-5014,  90-degree  lamination  material  the  effect  on  conductivity  of  the  Initial 
pyrolysis  of  the  virgin  material  could  not  be  accounted  for  singly  by  an  associated  in¬ 
crease  In  porosity,  as  In  the  0-degree  lamination  case.  This  indicates  that  the  pyrolysis 
reactions  do  influence  the  thermal  conductivity  parallel  to  the  reinforcing  fabric  to  a 
significant  degree.  However,  for  this  case  the  change  In  thermal  conductivity  from 
zones  III  to  II  could  be  attributed  to  a  corresponding  Increase  in  porosity  from  zones  III 
to  II,  indicating  that  the  Influence  of  the  chemical  reactions  on  the  thermal  conductivity 
became  negligible  after  pyrolysis  had  reached  the  state  of  development  represented  by 
the  zone  III  material . 

The  breakdown  of  the  porosity  correlation  from  zones  II  to  I  In  both  the  0-  ond  90-degree 
lamination  angle  specimens  was  interpreted  as  a  measure  of  the  effect  of  "graphitization" 
on  the  thermal  conductivity.  "Graphitization"  occurring  in  the  zone  I  region  resulted 
in  on  increase  in  the  apparent  conductivity  in  the  0-degree  lamination  case  by  a  factor 
of  about  1 .8  over  the  increase  which  could  be  expected  as  a  result  of  the  decrease  In 
porosity  from  zone  II  to  zone  I .  In  other  words,  "graphitization"  resulted  in  an  increase 
in  the  solid  matrix  conductivity  for  this  case. 

For  the  MX -4926  material,  the  results  of  the  porosity  correlation  applied  to  both  0-  and 
90-degree  lamination  virgin  and  zone  III  specimens  gave  rise  to  the  same  interpretation 
as  that  put  forth  for  the  FM-5014  0-degree  lamination  material .  That  is,  for  both  the 
0-  ond  90-degree  lamination  case  the  solid  matrix  material  conductivities  for  the  virgin 
and  zone  III  materials  were  nearly  the  same. 

For  the  MX -4926  material,  the  greatest  effect  of  "graphitization"  seemed  to  occur  in 
the  zone  II  region.  No  porosity-thermal  conductivity  correlation  was  possible  from 
zone  III  to  zone  II  for  either  the  0-  or  90-degree  lamination  cases.  However,  for  the 
0-degree  lamination  case,  an  approximate  correlation  existed  from  zone  II  to  I,  although 
the  effect  of  further  "grqahitization"  seemed  to  be  one  of  lowering  the  value  of  zone  I, 
0-degree  lamination  conductivity  somewhat  below  the  porosity-predicted  value.  A  sur¬ 
prising  result  considering  the  apparent  occurrence  of  "graphitization"  in  zone  II  was 
the  low  apparent  conductivity  in  the  0-degree  specimen.  The  value  was  lower  than  that 
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predicted  by  the  porosity  formulation  by  a  factor  of  1.8,  so  that  "grcphitization" 
appeared  to  have  the  effect  of  lowering  the  solid  matrix  material  conductivity  in 
this  cose.  In  the  90-degree  lamination  case,  continuing  "graphitization"  steodily 
raised  the  solid  matrix  conductivity.  This  suggests  the  development  of  highly  oriented 
crystalline  material  during  the  general  process  of  "graphitization"  in  this  materia!  and 
may  be  related  to  the  tendency  for  "graphitized "  pyrolysis  deposition  pioducts  to 
form  continuous  paths  along  fibers. 

For  both  materials,  good  agreement  in  predicted  conductivity  ratios  across  zones  was 
obtained  using  both  total  and  open  porosities,  even  though  the  individual  values 
differed  significantly  in  some  cases. 

"G  raphitization"  Effects 

The  effect  of  "grc$>hitIzation"  on  the  chars  is  strikingly  evident  in  the  thermal  con¬ 
ductivity  data  for  the  MX -4926  material  in  the  upward  transition  in  level  from  zone 
III  to  zone  II  to  zone  I  chon.  On  the  other  nand,  only  relatively  small  effects  were 
observed  for  the  FM-5014  material.  That  "graphitization"  effects  should  be  more 
evident  on  the  MX  material  than  on  the  FM  material  was  expected  since  the  reinforc¬ 
ing  fabrics  for  the  two  materials  were  carbon  and  graphite,  respectively.  The 
"graphitization"  of  the  carbon  reinforcing  cloth  was  expected  to  make  the  MX  material 
perform  somewhat  like  the  FM  material  in  zone  I .  However,  the  increase  in  the  value 
of  the  thermal  conductivity  for  the"grqphitized"  MX  material  over  the  FM  material,  a 
factor  of  two  in  the  low-temperature  region  of  the  zone  I  measurements,  was  surprising. 

This  difference  probably  is  related  to  the  mechanics  of  the  "grr^hitization"  process 
occurring  in  the  MX  material,  and  could  depend  strongly  on  the  permeability  para¬ 
meters  of  the  material  and  the  efficiency  of  the  carbon  reinforcing  cloth  in  cracking 
the  pyrolysis  gases  that  evolve  as  the  specimens  are  heated.  Carbon  deposition 
occurring  at  the  pore  sites  as  some  of  the  fibers  themselves  become  "grcphitized" 
could  generate  crystal  growth  and  orientation  to  account  for  the  observed  increases 
in  thermal  conductivity.  Since  the  MX  data  show  that  the  solid  matrix  conductivity 
in  the  direction  normal  to  the  reinforcing  cloth  was  decreased  by  the  "gr<q>hitization" 
process,  the  crystalline  material  would  hjve  to  be  highly  oriented  with  the  "a"  axis 
directed  along  the  cloth  fibers.  The  very  high  conductivities  in  the  direction  of  the 
laminates  may  also  be  related  to  the  "grt^hitized"  deposits  formed  in  continuous  paths 
along  fibers  that  were  noted  in  photomicrogr^jhic  analyses.  The  decrease  in  material 
porceity  in  the  high  terrperature  chars  could  well  reflect  the  deposition  and  crystal 
growth  processes  occurring  during  "graphitization".  There  are  so  many  foctors  that 
affect  the  final  properties  of  a  graphitic  material,  such  as  stresses  that  may  be  present 
during  "grcphit ization",  deposition  temperature,  time-temperature  history,  etc., 
that  full  explanation  requires  further  intensive  investigation. 


Further  references  to  particular  effects  of  "grqphitization"  on  the  thermal  conductivity 
appear  in  other  parts  of  this  section. 


Effect  of  Lamirtafion  Angle 


Consideration  of  the  thermal  conductivity  data  for  the  specimens  of  both  materials 
clearly  shows  that  the  reinforcing  cloth  dominates  the  thermal  conductivity  process. 

Except  for  the  virgin  material,  the  thermal  conductive  in  the  direction  along  the 
cloth  layers  is  several  times  that  normal  to  the  cloth  layers.  This  suggests  that  the 
directions  along  and  normal  to  the  cloth  layers  may  represent  the  directions  of  a  set 
of  principal  conductivity  axes.  This  hypothesis  was  investigated  in  some  detail  os 
reported  in  Appendix  C. 

A  comparison  between  measured  conductivities  for  specimens  with  a  given  lamination 
an^,  ’th  values  calculated  from  conductivities  obtained  at  two  different  angles 
indicates  that  the  conductivity  of  the  MX-4926  materia!  for  any  lamination  angle  con 
he  predicted  if  knowledge  of  the  conductivity  at  two  angles  is  available.  It  is 
interesting  that  a  sin  6  relation  better  applies  in  the  partially  pyrolyzed  zone  III, 
whereas  a  sin^0  relation  better  qpplies  in  zones  II  and  I  where  "graphitization" 
has  apparently  occurred.  1 '  tisappearance  of  the  resin  as  an  entity  and  subsequent 
"graphitization"  of  the  filltr  .  id  carbon  reinforcing  cloth  have  the  effect  of  establish¬ 
ing  better  defined  principal  conductivity  axes  in  directions  parallel  and  normal  to  the 
reinforcing  cloth . 

Although  the  FM-5014  materials  were  measured  at  0  and  90  degrees  only,  the  angular 
correlation  established  for  the  MX-4926  material  should  also  apply  with  the  some 
degree  of  accuracy  to  the  FM-5014  material  in  the  temperature  region  below  about 
2400  R  where  radiation  transport  apparently  contributes  negligibly  to  the  effective 
conductivity.  Due  to  the  obvious  difference  in  radiation  transport  characteristics 
between  the  FM-5014  and  MX-4926  materials,  the  applicability  of  the  angular 
correlation  at  high  temperatures,  above  2400  R,  is  doubtfui  without  further  experi¬ 
mental  investigation  for  lamination  angle  effects  between  0  and  9^  degrees. 

Effects  of  Specimen  Inhomogeneity  and  Anisotropy 

The  inhomogeneous  and  anisotropic  structures  of  the  materials  in  this  program  have  a 
significant  effect  on  their  thermal  conductivities  along  the  various  axes.  In  the  experi¬ 
mental  procedures  of  these  measurements,  this  effect  required  that  considerable  care 
be  exercised  in  determining  temperature  profiles  through  the  specimens.  The  difficulty 
in  precisely  determining  local  specimen  temperatures  resulted  in  data  scatter,  particularly 
in  specimens  with  laminate  angles  other  than  0  degrees. 

One  principal  cause  of  data  scatter  was  related  to  the  difficulty  in  obtaining  precise 
thermocouple  placement  in  the  specimens.  The  layered  structure  of  the  materials  mode 
placement  in  desired  locations  try  difficult  in  non-zero-degree  specimens.  However, 
post-test  measurements  of  the  actual  locations  permitted  the  elimination  of  this  source 
of  data  scatter. 
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A  more  unmanageable  data  scatter  is  believed  to  have  been  caused  by  the  closeness 
in  thickness  of  the  reinforcing  cloth  layer  and  the  thermocouple  junction.  Appendix 
D  discusses  this  cause  of  scatter  and  describes  a  technique  that  allowed  an  estimation 
of  the  temperature  perturbation  required  to  cause  the  data  scatter  observed  in  the 
case  of  specimen  PC -1 1 1 -90,  Figure  66  ,  when  it  was  assumed  that  the  scatter  was  due 
to  this  source.  In  general,  the  adjustments  afforded  by  this  technique  are  minor  and, 
on  the  basis  of  application  to  the  data  for  specimen  PC— 1 1 1  —90,  quite  reasonable. 

The  anisotropy  of  the  specimens  limited  the  precis  ion  of  thermal  conductivity  measure- 
meats  in  a  third  way.  In  specimens  with  lamino  normal  to  the  direction  ot  heat  flow 
(0-degree  lamination),  the  isotherms  within  the  specimen  probably  were  almost  circular. 
However,  due  to  the  anisotropic  conductivity  of  the  materials,  this  was  not  the  case 
for  specimens  with  lamination  angles  other  than  0  degrees.  Since  the  three  specimen 
thermocouples  entered  the  specimen  at  different  angles  to  the  lamination  direction, 
each  could  have  been  influenced  to  a  different  degree,  depending  on  the  magnitude 
of  radial  heat  flux  within  the  specimen.  Minor  radial  fluxes  in  those  measurements 
would  not  cause  significant  error  in  the  average  level  of  conductivity,  as  determined 
by  on  appropriately  weighted  average  of  the  three  conductivities  measured  at  each 
equilibrium.  However,  they  could  cause  scatter. 

To  investigate  directly  this  material  anisotropy  effect  on  data  scatter,  an  experiment 
was  run  in  which  nsdiol  tenperature  profiles  were  determined  within  and  around  a 
90-degree  (worst  case)  specimen.  The  results  are  discussed  in  Appendix  D.  They 
Indicate  that  under  typical  experimental  conditions,  this  characteristic  of  the  material 
Is  capable  of  causing  ±5  percent  scatter  in  the  data  for  the  non-zero-degree  lamination 
specimens. 

Radiation  '"''ects 


The  total  effective  or  apparent  conductivity  (sometimes  referred  to  as  conductance)  of 
the  specimens  was  the  quantity  measured  in  this  program.  In  these  measurements,  the 
appearance  of  a  (T^)  function  in  the  effective  conductivity  at  high  temperatures  is 


through  o  solid  materia!  is  determined  by  the  optical  parameters  and  structure  of  the 
material.  The  carbonaceous  materials  of  this  program  should  be  quite  opaque,  suggesting 
thot  the  radiation  effects  which  appear  around  2500  R  are  due  mainly  to  structure,  i.e., 
specimen  porosity.  Energy  is  transported  by  photon  conduction  across  the  pores  with 
increasing  efficiency  as  the  tenperature  of  the  specimen  is  increased.  (See  loeb<16>, 
Larkin*  175,  and  Francl* 58))  • 

Studies  of  the  radiant  energy  tni.ssport  across  pores  have  suggested  ways  of  including 
the  radiation  effects  in  an  effective  conductivity.  One  method  coreistj  of  obtaining 
an  expression  for  the  effective  radiant  conductivity  for  the  pore  in  terms  of  appropriate 
pore  dimensions  and  material  properties,  and  then  combining  this  conductivity  with 
the  concfcjctiviry  of  the  solid  matrix  surrounding  the  pones. 
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The  work  by  Loeb  and  Belie  demonstrates  this  technique.  Although  the  work 
in  these  references  may  combine  the  pore  and  solid  material  contributions  in  the  proper 
way,  the  applicability  of  the  results  to  the  present  work  is  limited  by  the  lack  of 
knowledge  about  the  pore  conduction  term.  The  data  obtained  in  this  program  show 
that  the  temperature  dependence  of  thermal  conduct  Mty  at  high  temperatures  is 
different  for  the  MX-4926  and  FM-5014  materials.  The  porosity  shape  and  size 
distribution  studies  did  not  indicate  significant  differences  betweei  these  materials 
in  these  respects. 

The  effects  of  pores  on  radiant  energy  transport  through  the  material  can  be  obtained 
by  investigating  the  effects  of  the  pore  shape  and  optical  parameters  on  the  orientation 
of  the  principal  conducts vity  axes  of  the  material  in  the  higher  temperature  region. 
Principal  axes  can  be  defined  only  for  a  sample  of  the  material  which  is  lorge  in 
comparison  to  the  average  (tore  dimensions  and  inter-pore  spacings.  For  such  a  sample, 
the  axes  will  hove  a  given  spatial  orientation  at  low  temperature  ond  in  a  vacuum 
where  the  pore  conductivity  is  essentially  zero.  As  the  temperature  increases  into  the 
region  where  photon  conduction  across  the  pores  becomes  significant,  the  contribution 
of  the  pores  will  depend  on  their  orientation  relative  to  the  principal  axes  and  on  their 
microscopic  optical  properties. 

Consider  the  case  where  the  heat  flux  is  along  a  principal  axis  so  that  the  local  isotherm 
is  normol  to  this  axis.  If  the  pores  are  elliptical  with  their  long  axis  at  some  angles  other 
than  0  and  90  to  this  principal  axis,  the  net  heat  flux  transported  across  the  pores 
generally  will  not  be  normal  to  the  local  isotherm.  This  will  tend  to  distort  the  isotherm 
to  a  degree  that  depends  upon  the  local  absolute  temperature  ond  in  effect  destroys  the 
orientation  of  the  principal  axes  which  was  established  at  low  temperature  with  negligible 
pore  contribution.  The  optical  parameters  of  the  material  enter  in  the  same  way. 
Regardless  of  the  pore  orientation,  the  heat  flux  transported  across  the  pore  will  depeid 
upon  the  bi-directional  reflectance  associated  with  the  pore  shape  and  material.  The 
net  result  is  a  local  principal  axis  orientation  which  depends  in  part  on  the  local 
absolute  temperature. 

This  mechanism  could  enter  into  on  explanation  of  the  observed  differences  between  the 
high  temperature  conductivities  of  the  FM-5014  and  MX-4926  materials.  Another  result 
would  be  the  break  down  of  the  angular  correlation  discussed  in  the  section  "Effect  of 
Lamination  Layup  Angle"  at  high  remperaturev .  A  complete  explanation  requirts  more 
thorough  investigation  than  measurement  of  the  apparent  conductivity. 
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EXTRAPOLATION  OF  VALUES  TO  NONEOUILIMIUM  STATES  OF  ABLATING  CHARS 


The  thermal  conductivity  versus  temperature  result?  obtained  on  this  program  hove  been 
shown  to  be  strongly  affected  by  pyrolysis  generated  porosity  and  by  "graphltlzation" 

In  the  char.  If  pyrolysis  and  "grc^hitliatlon"  were  both  simple  functions  of  temperature, 
a  single  conductivity  versus  temperature  relationship  for  a  given  layup  angle  could  be 
obhlned  by  interpolation  between  values  measured  in  the  virgin  and  char  zones.  The 
char  characterization  results  indicated  that  this  could  be  done  for  "gr^jhltization" 
effects  but  not  for  pyrolysis  generated  porosity  effects  because  the  pyrolysis  process 
is  significantly  affected  by  rates  as  well  as  temperature  during  the  ablation  process. 
Pyrolysis  proceeds  at  slow  rates  relative  to  the  rate  of  temperature  increase  at  any 
depth  In  the  ablator.  The  faster  the  temperature  increases,  the  greater  the  extent 
of  pyrolysis  lags  the  equilibrium  value  and  pyrolysis  Is  then  said  to  be  rate  controlled. 
This  means  that  "graphltlzation "  effects  on  conductivity  can  be  contained  in  the 
measured  temperature  dependence  of  thermal  conductivity  during  ablation,  but  that 
pyrolysis  generated  porosity  effects  must  be  separately  super- imposed  versus  temp¬ 
erature  to  obtain  the  complete  conductivity  versus  temperature  curve  rpplicable  to 
any  specific  ablation  application  or  heating  rate. 

The  post-ablation  char  characterization  results  showed  that  porosity  is  produced  in 
proportion  to  the  amount  of  pyolysls,  and  the  thermal  conductivity  results  showed 
that  an  increase  in  porosity  reduces  thermal  conductivity .  The  extent  of  pyrolysis 
can  be  expressed  for  broad  ablation  material  categories  in  terms  of  Xp,  the  fraction 
of  the  original  resin  content  that  Is  pyrolyzed.  In  virgin  material  the  pyrolyzed  resin 
fraction,  Xp,  is  zero  and  the  total  porosity,  £  is  zero  while  in  the  mature  char 
the  pyrolyzed  resi.s  fraction  is  one  and  porosity  is  fuily  developed  to  the  constant 
total  value,  £tcr  Topical  of  mature  char.  In  depth  ablation  computer  programs 
normally  express  pyrolysis  as  a  reduction  in  cpparent  density,  PQ,  from  o  fixed 
value  for  virgin  material,  P  ,  to  a  fixed  value  for  mature  char,  pc.  The  pyrolyzed 
resit  fraction  may  be  obtained  from  computer  results  by  the  following  relationship: 


X 

P 


(1 


Pq"Pc^ 

Pv-Pc 


(5) 


Using  elation  (5)  and  available  computer  predictions  of  density  versus  temperature, 
the  pyrolyzed  resin  fraction  versus  temperature  for  the  en*ire  range  of  potential 
applications  of  phenol  fe-oarbon  and  phenol  It -graphite  were  obtained  as  shown  in 
Figure  83.  Pyrolysis  generated  porosity  develops  in  proportion  to  the  pyrolyzed  resin 
traction  so  the  appropriate  value  of  porosity,  £  for  use  in  correcting  the  con¬ 
ductivity  data  at  any  temperature  is  given  by: 


ft 


(6) 
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FIGURE  83  -  TYPICAL  PREDICTED  PYROLYSIS  VERSUS  TEMPERATURE  FOR  CARBON  AND  GRAPHITE 
REINFORCED  PHENOLICS 


Since  porosity  developi  in  proportion  to  the  pyrolyred  resin  fraction  and  lowers 
thermal  conductivity,  the  wide  range  in  possible  resin  fraction  results  shown  in 
Figure  83  Indicates  the  wide  range  in  the  possible  effects  of  pyrolysis  on  a  thermal 
conductivity  versus  temperature  relationship.  The  curves  for  nozzle  conditions  and 
cooldawr.  or  reheat  periods  were  obtained  from  the  Aerofherm  computer  predictions 
used  in  nozzle  char  characterization  The  ICBM  peak  heating  curves  are  from 
Boeing  computer  runs  and  are  believed  to  represent  the  most  severe  conditions 
possible  since  the  chor  surface  is  near  the  maximum  temperature  limit  in  the  sub¬ 
limation  regime. 

The  remainder  of  this  section  describes  the  development  of  the  thermal  coi«juctivity 
data  correlation  and  presents  the  method  of  extrapolation  to  ail  states  of  ablation 
up  to  4500° F .  The  final  result  is  a  conductivity  versus  temperature  curve,  since 
the  data  in  this  form  is  easily  visualized  and  utilized  in  computer  ablation  analyses. 
Final  results  for  a  single  layup  angle  appear  as  illustrated  in  Figure  84,  where  the 
range  of  effects  of  the  rate  controlled  pyrolysis  given  in  Figure  83  are  illustrated. 


It  can  be  seen  that  where  rote  controlled  pyrolysis  effects  occur,  no  single  K  versus 
T  curve  con  represon*  oil  implications,  or  even  pyrolysis  rate  changes  during  a  single 
application.  Figure  84  also  illustrates  the  fact  that  irreversible  material  changes 
result  in  on  altered  K  vs.  T  relationship  applicable  during  cooldown  or  reheat  cycles. 
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It  was  beyond  the  scope  of  this  program  ro  develop  a  conpiete  analytical  correlation 
of  thermal  conductivity  data  for  direct  use  H  all  computer  predictions.  Con¬ 
ductivity  data  Is  presented  In  a  generalized  format  os  c  first  step  so  that  the 
specific  K  versus  T  relationship  for  specific  applications  con  be  extrapolated.  This 
generalized  data  was  derived  from  the  measured  conductivities  for  both  the  0-  end 
90-doyree  layup  angles  by  removing  the  effect  of  the  pyrolysis  generated  porosity 
in  the  specimen,  resulting  ir.  predicted  conductivities  for  zero  porosity  material. 

All  *hat  is  necessary  to  obtain  the  conductivity  required  for  any  active  ablation 
condition  is  to  apply  the  porosity  correlation  described  earlier  to  the  zero  porosity 
data.  Data  for  intermediate  layup  angles  is  obtained  by  applying  the  layup  angle 
correlation  to  porosity  corrected  data  for  0-  and  90-^egree  layup  angles.  It  Is 
hoped  that  useu  will  formulate  the  results  so  that  this  is  done  as  part  of  the  com¬ 
puter  prediction  of  ablation  performance.  This  should  be  possible  by  developing 
thema!  conductivity  equations  as  a  function  of  both  temperature  and  apparent 
density  along  with  any  associated  programming  changes  required. 


Development  of  Data  for  Extrapolation 


The  development  of  dara  from  which  the  conductivity  needed  for  any  specific  pro¬ 
blem  may  be  obtained  is  described  for  the  FM-5014  materia! .  The  equations 
developed  in  Appendix  B,  “Correlation  of  Thermal  Conductivity  and  Porosity", 
were  used  to  relate  the  solid  component  of  thermal  conductivity  of  each  specimen 
to  a  theoretically  dense  sample  of  the  same  material  on  the  basis  of  pore  shapes 
and  pore  volume  fraction.  These  equations  were  applied  to  the  data  curves  for  the 
porous  specimens  below  2400°R  where  o  radiation  component  became  apparent  to 
calculate  the  solid  component  of  conductivity,  K,,  of  fheoretically-dense  material. 
The  Ks  data  curves  were  then  extrapolated  versus  temperature  to  cover  all  cases  of 
active  ablation.  By  using  only  the  data  from  the  low  ten^perature  reoions  of  zone  I 
where  no  radiation  transport  effects  were  yet  apparent  the  eppraximation  of  Zero 
pore  conductivity  assumed  in  the  porosity  correlation  was  satisfied.  The  resulting 
curves  for  0-  and  90-degree  layup  angles  appear  In  Figure  85.  The  temperature 
regions  of  actual  measurements  of  conductivity  on  porous  specimens  are  indicated. 
The  virgin  specimens  represent  theoretically  dense  material  so  that  the  virgin  data 
required  no  conversion. 


The  agreement  between  virgin  and  porosity  adjusted  Zone  III  curves  is  very  good 
considering  the  chemical  changes  taking  place  between  the  virgin  and  zone  III 
states.  The  change  In  conductivity  from  virgin  to  zone  III  material  In  the  90-degree 
case  cannot  be  accounted  for  only  by  a  porosity  Increase.  Ar>  assumed  transition 
from  virgin  material  to  zone  III  is  Indicated  by  a  dashed  line.  Greater  detail  in 
the  porosity  correlation  such  as  on  inclusion  of  the  effects  of  size  distributions  may 
Improve  the  results. 


The  effects  of  "graph! tization"  show  up  in  Figure  85  as  discontinuities  in  the  solid 
component  curves  between  zones  II  and  I ,  Furnace  charring  studies  indicated  that 
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FIGURE  85  -  CORRELATION  OF  THERMAL  CONDUCTIVITY  RESULTS,  FM-5014  PHENOLIC  GRAPHITE 


"graphitizafion  ",  although  a  strong  function  of  the  maximum  specimen  temperature 
reached,  was  independent  of  the  heating  rate  or  soak  time  at  the  maximum  tempera¬ 
ture.  A  linear  increase  in  "graphiti ration  "  effect  versus  temperature  was  assumed 
beginning  at  the  temperature  at  which  the  zone  II  specimens  were  charred,  2960°R, 
and  passing  through  the  temperature  at  which  the  zone  I  specimens  were  charred, 
4460°R.  This  appears  in  Figure  85  as  the  dashed  lines  between  the  zone  II  and 
zone  I  data.  As  better  knowledge  of  "graphiti ration  "  threshold  temperature  and  rate 
become  available,  the  dashed  transfer  path  can  be  adjusted. 

In  order  to  generalize  at  temperatures  higher  than  2400°R,  the  radiation  component 
of  the  thermal  conductivity  had  to  be  separated  from  the  measured  conductivity. 

This  was  done  by  assuming  that  the  straight-line,  low-temperature  portion  of  the 
zone  !  measurements  represented  the  solid  conductivity,  and  then  extrapolating 
this  portion  of  the  date  curve  up  through  the  higher  temperature  range.  The  difference 
between  the  measured  and  extrapolated  solid  conductivities  above  24005R  was  than 
assumed  to  be  the  radiation  transport  contribution,  Kf,  to  the  total  effective  conduct¬ 
ivity.  These  differences  are  plotted  as  and  Knr  in  Figure  85,  representing  the 

radiation  conductivity  components  for  the  90-  and  0-degree  specimens.  As  a  result, 
the  effective  conductivity  for  the  theoretically  dense  materials  represented  by  the 
curves  in  Figure  85  is  given  by  the  sum  of  the  dense  material  solid  conductivity,  Kt, 
and  the  radiation  component  conductivity ,  Kf.  Phenomenologically,  the  radiation 
is  now  by  means  of  absorption  and  re -radiation  through  a  dense  material  rather  than 
primarily  across  pores.  If  enough  were  known  about  the  properties  of  the  material, 
an  explicit  relation  could  be  sought  for  the  radiation  conductivity  component 
associated  with  specimen  porosity  in  terms  of  temperature,  optical  parameters,  pore 
fraction,  and  pore  dimension,  Belle  Kingery  0^',  and  Larkin  ‘  .  Without 

the  necessary  additional  information,  the  radiation  components  obtained  for  the  0- 
and  90- degree  specimens  were  assumed  to  apply  to  material  of  different  porosity  from 
that  of  the  specimens  measured.  For  material  of  higher  porosity  fraction  or  luiger 
pore  dimensions,  the  radiation  components  of  Figure  85  will  be  low,  and  for 
material  with  lower  porosity  fraction  or  smaller  pore  dimensions  than  those  of  the 
specimens  measured,  they  will  be  high. 

The  smoothed  results  of  the  data  extrapolation  shown  in  Figure  85  are  given  in 
Figure  86.  Solid  lines  show  the  "dense"  material  solid  component  of  conductivity, 

Ks,  applicable  to  active  ablation  and  the  radiation  component,  Kr,  applicable  to  all 
periods.  Dotted  lines  show  typical  results  applicable  to  cooling  or  reheat  periods, 
e.g.  the  case  of  a  rocket  nozzle  after  shutdown,  where  the  temperature  of  the 
intersection  with  the  solid  Ks  curve  was  reached  during  ablation.  The  specific  case 
where  cooling  began  after  full  "graphifizafion  "  (Zone  I)  had  been  reached  in  the 
region  of  the  ab'afcr  under  consideration  is  indicated  for  both  0-  and  90-degree 
lamination  material.  These  cooling  cycle  curves  are  simply  the  zone  I  data  and 
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FIGURE  86  ~  THERMAL  CONDUaiVITY  FOR  USE  IN  EXTRAPOLATION  PROCEDURE 
FM-5014  PHENOLIC  GRAPHITE 


they  may  be  extrapolated  as  far  into  the  low  temperature  region  as  required. 

Straight  line  “dense"  material  cooling  curves  from  either  lower  or  higher  temperatures 
in  the  region  affected  by  "graphitization  "  must  be  estimated  using  the  available  da‘a 
as  a  guide  to  the  appropriate  slope.  "Dense"  material  cooling  curves  are  the  same 
as  the  solid  line  heating  curves  in  the  region  indicated  to  be  affected  by  pyrolysis 
only,  except  for  K  ^0  between  1000  and  1600°R.  “Dense"  material  data  applicable 
to  cooling  or  reheat  periods  must  be  corrected  for  the  equilibrium  value  of  porosity 
associated  with  the  maximum  temperature  reached  as  indicated  by  the  appropriate 
pyrolyzed  resin  fraction  in  Figure  83.  Full  use  of  the  available  data  indicates  that 
each  depth  increment  in  the  char  has  a  different  K  versus  T  curve  applicable  to 
cooling  or  reheating  depending  on  the  level  of  irreversible  material  change  due  to 
pyrolysis  or  "graphitization"  that  is  achieved.  This  was  previously  illustrated  in 
Figure  84. 


From  the  above  discussion,  the  Thermal  conductivity  data  from  FM-5014  0-  and  90- 
degree  lay-up  angle,  material  applicable  to  any  oblation  problem  are  extrapolated 
from  the  data  of  Figuie  86  by  correcting  the  "dense"  material  solid  conductivity,  K9  , 
for  pyrolysis,  generated  porosity  and  adding  the  radiation  component,  Kg  .  "Dense" 
material  K^  is  corrected  for  porosity  using  the  porosity  developed  in  Appendix  B  and 
substituting  Equation  (6)  to  obtain  porosity  values  corresponding  to  the  appropriate 
pyrolysis  rate  with  the  aid  of  Figure  83  or  available  in-depth  computer  predictions. 

This  extrapolation  procedure  is  summarized  in  Equation  (7)  used  to  obtain  the 
conductivity  for  lay-up  angles  of  0  or  90  degrees  at  each  temperature. 


V 


'-xp$tc 


where: 


(7) 


K.9-  "Den  se"  material  solid  component  of  conductivity 

K^-  Radiation  component  of  conductivity 

0  ~  Layup  Angle,  0  or  90  degrees 

J3  -  Pore  shape  factor; 

4/5  for  9  *  0°  layup  angle 
1/8  for  9  ~  90°  layup  angle 

£  j.c  s  Final  chars  total  porosity  obtained  from  ablative  char  characterization; 
0.31  for  FM-5014 
0.45  for  MX -4926 

X  -  Pyrolyzed  resin  fraction  from  Figure  83  or  from  equation  (5)  and 
^  available  computer  predictions  of  apparent  density  versus  temperature. 
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Equation  (7)  will  reproduce  the  measured  Thermal  conductivities  to  within  two  percent 
at  the  highest  temperatures. 


The  extrapolation  procedure  for  MX -4926  is  identical  to  that  for  FM-5014.  Figure  87 
shows  the  development  of  the  "dense"  material  solid  component  curves  and  the 
radiation  component  curves  for  MX-4926.  "Grcphi fixation  effects  are  more  evident 
than  in  the  FM-5014  material,  and  therefore  knowledge  of  the  threshold  temperature 
for  significant  "graphitization",  anJ  its  rote  of  progress  with  temperature  are  more 
crucial  for  the  application  of  this  extrapolation  procedure.  The  dashed  transition 
lines  between  the  maximum  temperatures  for  zones  III  and  II  os  shown  in  Figure  87  are 
based  on  the  assumption  that  the  strong  effects  of  "graphitization"  on  Thermal 
conductivity  in  MX-4926  begin  just  beyond  maximum  temperature  of  zone  III.  In 
MX-4926,  two  stages  of  "graphitization"  were  represented  by  zones  II  and  I,  whereas 
only  one  stage,  zone  I,  was  found  for  the  FM-5014  material.  The  smoothed  results 
of  the  MX-4926  data  extrapolation  for  use  in  Equation  (7)  are  given  in  Figure  88. 

These  curves  ere  interpreted  in  the  same  way  as  far  FM-5014. 

To  obtain  the  Thermal  conductivity  for  layup  angles,  0,  other  than  0  and  90  degrees,  the 
porosity  corrected  results  for  both  0  and  90°  layup  angles  from  Equation  (7)  are  combined 
in  the  layup  angle  correlation  developed  in  ^spendix  C.  The  results  are  assumed  to 
apply  for  all  cloth  orientations  within  the  laminate  plane.  The  most  widely  applicable 
form  of  the  layup  angle  correlation  is  given  by  Equation  (8). 


Equation  (8)  applies  for  all  cases  except  for  layup  onales  above  45  degrees  in  the  virgin 
or  pyrolysis  zones,  where  substitution  of  sirvffor  sin  will  give  better  fit  to  the 
experimental  data. 


Summary  of  Extrapolation  Procedurt  _ 

The  extrapolation  procedure  developed  above  is  considered  to  make  maximum  use  of 
the  information  gained  in  this  measurement  program.  The  procedure  is  summarized  os 
follows: 

Initial  Heating  Active  Ablation  Cycle  — 

The  conductivity  of  0  -  end  90  -  degree  layup  angle  material  at  each  temperature 
point  of  interest  is  obtained  from  the  data  of  Figures  86  or  88  by  correcting  the  "dense" 
material  solid  conducti vi'y,  Ks,  for  the  effects  of  pyrolysis  generated  porosity  and 
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FIGURE  87  CORRELATION  OF  THERMAL  CONDUCTIVITY  RFSULTS,  MX-49Z6  PHENOLIC  CARSON 


adding  the  radiation  component,  Kr;  using  Equation  (7).  Use  of  Equation  (7)  also 
requires  pyrolyzed  resin  fraction  versus  temperature  data,  which  may  be  estimated 
for  each  temperature  point  from  Figure  83  or  may  be  obtained  for  specific  cases 
from  Equation  (5)  and  available  computer  predictions  of  apporent  density  versus 
temperature. 

Full  use  of  this  procedure  would  show  the  conductivity  versus  temperature  in  the  pyrolysis 
zone  to  be  continuously  varying  during  ablaticr  applicationedue  the  range  of 
rate  controlled  pyrolysis  shown  in  Figure  83. 

Conductivity  data  for  layup  angles  between  0  and  90  degrees  are  obtained  by  substituting 
the  results  obtained  above  for  both  0  and  90  degrees  into  the  ioyup  angle  correlation, 
Equutinn(8^ 

Cooling  or  Reheat  Cycle  - 

The  procedure  is  the  same  as  given  above  for  the  initial  heating  ablation  cycle,  except 
the  dotted  linjs  in  figures  86  and  86  must  be  used  as  a  guide  to  estimating  the  data 
applicable  in  the  regions  where  K  has  been  affected  by  graph! ti zation .  A  separate 
dotted  line  should  be  interpolated  between  those  given  to  represent  the  data  for 
material  that  has  attained  any  temperature  during  initial  heotiny  in  the  region  affected 
by  graphitizaMon,  e.g.  each  element  of  thickness  in  a  cooling  or  reheating  char  has 
a  separate  conductivity  curve.  In  addition,  the  pyrolyzed  resin  fraction  used  in 
Equation  (7)  to  correct  Ks  for  porosity  effects  now  is  fi  xed  ot  a  single  value  for  each 
maximum  initial  heating  temperature  on  the  cooldown  and  reheat  curve  in  Figure  83. 
Therefore,  each  element  of  thickness  in  a  cooling  or  reheating  pyrolysis  zone  also 
has  a  separate  conductivity  curve  versus  temperature,  each  curve  being  lower  than 
the  initial  heating  «s  curve  in  proportion  to  the  extent  of  porosity  developed.  Such 
cooling  cycle  data  was  illustrated  in  Figure  84. 

It  any  reheating  cycle  extends  beyond  the  maximum  temperature  that  was  experienced 
during  the  initial  heating,  the  conductivity  data  above  this  previous  maximum  temperature 
is  obtained  in  the  same  manner  as  for  initial  heating. 

Remarks  on  Extrapolation 

The  extrapolation  procedure  was  presented  to  allow  generalization  of  conductivity 
values  to  arbitrary  porosity  on d  to  demonstrate  pyrolysis  and  ‘  graphitization  "  effects 
on  the  thermal  conductivity .  It  wes  assumed  that  "graphitization  "  wos  a  function  of 
the  temperature  attained  by  the  material.  The  material  porosity  was  a  determinable 
function  of  rate  controlled  pyrolysis  so  that  the  cctive  ablator  differs  from  the 
pre-ihorred  specimens  only  through  its  porosity-temperature  history.  The  forms  of 
Equations  (5)  ,  (6)  and  (7)  were  chosen  fc  allow  easy  calculation  of  the  apparent 
conductivity  for  ori  abiotor  with  known  mature  char  porosity,  under  the  assumption  that 
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the  pyrolysis  and  "graphitization"  effects  present  in  the*  ablator  were  approximated 
by  those  in  the  test  specimens,  and  thot  the  radiation  contribution  in  the  ablator 
will  be  similar  to  thot  found  in  t  ie  test  specimens.  Equation  (7)  was  of  a  form  to 
give  back  the  measured  conductivity  dc*a  when  used  as  prescribed  in  conjunction 
with  Figures  86  and  88,  but  is  no*  theoretical ly  correct  if  the  radiation  contribution 
is  allowed  to  increase  indefinitely  with  temperature.  Ever  if  the  poie  conductivity 
were  allowed  to  approach  infinity  ,  the  heat  flux,  and  thus  the  total  effective 
conductivity  for  the  material,  waul  '  be  limited  by  the  finite  conductivity  of  the 
solid  matrix . 

In  fact,  the  thermal  transport  processes  active  in  the  char  a*  high  temperatures 
are  not  understood.  The  work  of  Rasor  and  McCi  el  land  ^  in  determining  the 
thermal  conductivities  of  several  graphites  up  to  their  sublimation  temperatures 
indicated  that  the  apparent  conductivity  dropped  exponentially  towards  zero 
above  5500  R.  Those  authors  attributed  the  decrease  in  thermal  conductivity  to 
thermally  activated  lattice  vacancy  formation,  based  on  the  conception  that  thermal 
transfer  is  predominately  by  means  of  elastic  lattice  waves.  On  the  other  hand, 
recent  work  on  graphite  by  Kaspar  has  indicated  that  the  predominant  transport 
process  may  be  electronic  in  nature  at  temperatures  above  3600  R.  Until  the  thermal 
transport  process  is  understood,  it  will  be  difficult  to  separate  the  radiative  component 
from  the  effective  thermal  conductivity  and  extrapolate  data  to  higher  temperatures 
with  any  degree  of  confidence.  In  addition  to  these  considerations,  the  additional 
possibility  of  a  direct  influence  on  the  effective  f1  *rmol  conductivity  due  to  the 
substantial  thermal  gradients  (up  to  50,000  R/inch,  met  in  active  ablators  is  raised 
by  Engelmann  and  Schmidt  0"/  , 

APPLICATION  OF  MX-4926  RESULTS  TO  FM-5055A 

The  characterization  of  the  FM-5G55A  post  rest  chars  showed  that,  up  to  the  point 
where  "graphitizetion"  begins,  the  behavior  of  FM-5055A  during  ablation  is  similai 
to  thot  of  MX-4926.  At  least  through  the  pyrolysis  zone  then,  the  conductivity  of 
MX-4926  should  be  applicable  with  resonable  accuracy  to  FM-5055A,  since  in  this 
rar  ge  the  data  is  primarily  a  function  of  the  type  of  reinforcement,  the  layup  angle 
and  the  development  of  porosity  during  pyrolysis.  Although  "graphitization "  along 
pores  and  around  fibers  will  have  a  sfiong  effect  on  conductivity  parallel  to  the 
fabric  in  both  materials,  the  "g'-aphitizafion"  in  FM-5055A  proceeds  further  during 
ablation.  Therefore,  between  the  initiation  of  "graphitization"  and  where  the 
conductivity  is  controlled  primarily  by  the  radiation  component,  direct  measurements 
of  FM-5055A  chars  are  required  for  accuracy.  The  application  of  MX-4926  da*a 
to  FM-5055A  in  the  "graphitization"  range  should  De  limited  to  where  the  heat  flux 
is  nearly  normal  to  the  fabric,  in  which  case  the  effect  of  graphitization  on 
conductivity  is  comparatively  small. 


SECTION  X 

SPECIFIC  HEAT  MEASUREMENTS 

SPECIFIC  HEAT  TEST  METHOD 

Specific  heat  was  computed  from  heat  content  (enthalpy)  data  generated  in  an  ice 
calarimater. 

Apparatus 

Enthalpy  measurements  were  made  in  a  Bunsen  ice  calorimeter  of  the  type  described 
by  Ginnings  and  Ccrruccini'1 In  this  Instrument, , heat  from  a  specimen  melts  ice 
in  equilibrium  with  water  in  a  closed  system.  The  resulting  volume  change  of  the 
ice-water  system  is  determined  by  weighing  displaced  mercury  (in  contact  with  the 
water)  as  the  system  expands  or  contracts.  The  ratio  of  heat  input  to  the  mats  of 
mercury  displaced  is  a  constant  for  the  apparatus.  There  is  no  temperature  change 
In  the  calorimeter  during  specimen  cooling  because  all  heat  transfer  occurs  at  the 
ice  point. 

Figure89is  a  schematic  of  the  calorimeter  used  for  this  program  as  described  by 
Deem  and  Lucks^'.  As  the  previously  heated,  encapsulated  specimen  is  dropped 
into  the  central  chamber  of  a  double-wall  vessel,  it  releases  heat  to  the  ice- 
oovered  finned  section  which  is  enclosed  in  water  in  equilibrium.  The  portion  of 
heat  given  up  by  the  specimen  only  is  determined  by  subiiacting  the  contribution 
mode  by  the  capsule  from  the  total,  this  former  amount  being  evaluated  by  a 
separate  drop  of  an  empty  capsule.  As  the  ice  melts,  mercury  from  an  external 
accounting  system  enters  the  inner  vessel  through  a  tube  to  moke  up  the  volume 
difference  of  ice  molting.  The  total  volume  of  mercury  displaced  while  the  speci¬ 
men  cools  from  its  drop  temperature  to  the  ice  point  is  accurately  measured.  The 
heat  quantity  transferred  is  relared  to  the  weight  of  mercury  by  o  constant  measure 
by  Ginnings,  et  al  (3,4,5)  and  by  Bartelle  to  be  270.48  |oules  per  gram  of  mercury. 

Test  Procedure 

Each  specimen  was  serled  in  a  capsule  to  provide  o  protective  atmosphere  for  the 
high  temperature  measurements.  Either  type  347  stainless  steel  or  tantalum  cap- 
sides  were  used  depending  on  the  specific  temperature  range. 

Initial  measurements  on  the  virgin  material  used  sealed  type  347  stainless  steel 
capsules  at  one  atmosphere  of  helium.  Under  this  condition,  a  discontinuity  was 
observed  in  the  enthalpy-temperature  relation  which  was  believed  to  be  due  to 
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the  heut  of  vaporization  of  a  component  of  the  specimen,  or  of  some  material 
absorbed  by  Hie  specimen.  Therefore,  additional  measurement*  were  mode  with 
the  capsules  vented,  thus  allowing  the  vapors  present  to  escape  and  produce  a 
more  continuous  enthalpy-temperature  relation  „  These  latter  measurements  are 
believed  to  be  appropriate  for  the  material.  Data  from  both  measurements  are 
given  in  Appendix  E. 

SPECIFIC  HEAT  RESULTS 

Enthalpy  measurements  were  mode  on  virgin  and  zone  I  chars  only  of  MX -4926 
and  FM-5014.  Zone  It  end  I II chan  were  not  measured  because  the  specific 
heat  was  assumed  to  be  relatively  insensitive  to  the  intermediate  char  states, 
whereas  the  virgin  and  zone  i  chars  were  considered  to  represent  the  extremes  of 
the  specific  heat  variation .  The  virgin  measurements  were  made  at  low  temper¬ 
atures  to  avoid  further  pyrolysis,  while  the  zone  I  chars  were  measured  up  to 
4460  R.  In  each  case  data  elere  token  at  enough  points  to  establish  a  clear 
definition  of  the  property  varsus  temperature. 

Power  series  equations  were  fitted  to  the  data  by  a  least  squares  method.  The 
first  derivatives  of  these  equations  give  the  expression  for  specific  heat. 

MX-4926  Phenolic -Carbon 

For  this  materiol,  measurements  were  made  on  tvxs  specimens  each  of  the  virgin 
and  zone  I  char  materials,  one  specimen  being  prepared  by  laboratory  procedures, 
while  the  other  was  cut  from  the  nozzle  of  an  ablative  component. 

The  enthalpy-temperature  relations  for  the  two  virgin  materials  and  the  two  zone  I 
char  materials  are  given  in  Appendix  E.  Equations  for  the  observed  enthalpy 
values  are  as  follows: 

MX-4926  Virgin  Materiol; 

Ht  =»  -2.943  x  102  +Q.4094T  +4.562  x  104  H  (9) 
(492-960  R) 

MX-4926  Virgin  Material  -  Nozzle  A; 

Ht  »  -2.894  x  102  +  0.3958  T  +  4.720  xlC^T'1  (JO) 
(492-960  R) 


MX-4926  Zone  i  Char  Material: 


Kt  -  -3.538  x  102  +  0.3779  T  +  1.732  x  10“5  T2  (n) 

+  8.312  x  104  T"1  (492-4460  R) 

MX -4926  Zone  I  Char  -  .Nozzle  Material: 

Ht  =■  -3.628  x  102  +  0.3896  T  ♦  1 .480  x  10"5  T2  (12) 

+  8.421  x  104  T  (492-4460  R) 

where: 

Hj  *  enthalpy,  Btu  lb-^ 

T  *  temperature,  R 

The  first  derivatives  of  Equations  (9)  through (12) give  the  specific  heat  equations  as 
follows: 

MX -4926  Virgin  Material: 

Cp  *  0.4094  -  4.562  x  104  T2  (13) 

(492-960  R) 

MX -49 26  Virgin  Material  -  Nozzle  A; 

Cp  -  0.3958  -  4.730  x  104  T-2  (U) 

(492-960  R) 

MX -4926  Zone  I  Char  Material: 

Cp  -  0.3779  +  3.464  x  10'5  T  -  8.812  x  JO4  T*2  (15) 

(492-4460  R) 

MX -4926  Zone  l  Char  -  Nozzle  Material: 

Cp  »  0.3896  ♦  2.960  x  IQ-5  T  -  8.421  x  104  T*2  (|6) 

(492-4460  R) 

where: 

Cp  “  specific  heat,  Btu  ib-^  R"^ 

T  “  temperature,  R 


Figures90and9Tshow  the  specific  heat-temperature  relation  for  MX -492 y  mater  fa  I 
calculated  from  the  preceding  equations. 

FM-5014  Phenolic -Graphite 


Measurements  were  made  on  one  specimen  each  of  the  virgin  and  zone  I  char 
materials  .  The  specimens  were  prepared  in  the  laboratory;  no  nozzle  oecimens 
were  employed. 

The  enthalpy-temperature  relations  for  the  virgin  material  and  the  zone  I  chor 
material  are  given  in  Appendix  E. 

Equations  for  the  observed  enthalpy  values  uv  as  follows: 

FM-5014  Virgin  Material: 

Ht  =■  -3.577  x  I02  +  0.4223  T  ♦  7.581  x  104  T"'  (,7) 

‘  (492-1160  R) 

FM-5014  Zone  I  Char  Material 

Ht  »  -3.766  x  102  +  0.3976  +  1 .297  x  10"5  T2  ♦  (!8) 

9.004  x  JO4  ♦  H  (492-4460  R) 

where: 

Hy  =*  enthalpy,  Btu  lb  ' 

T  -  temperature,  R 

The  first  derivatives  of  Equations(17)ond  (IS)  give  the  specific  heat  equations  as 
follows: 


FM-5014  Virgin  Material: 


Cp  =*  0.4223  -  7.581  x  I04  T-2 
(492-1)60  R) 


(19) 


FM-5014  Zone  I  Char  Materials 

Cp  -  0.3976  ♦  2.594  x  10~5  T  -  9.004  x  104  T'2  (20) 

(492-4460  R) 


i 
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Specific  Heal,  fttu/lb  R 


FIGURE  90  SPECIFIC  HEAT-TEMPERATURE  RELATION  FOR 
MX-4926  (VIRGIN)  MATERIALS 
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FIGURE  91  SPECIFIC  HEAT-TEMPERATURE  RELATION  FOR  MX-4926  (ZONE  I)  CHAR  MATERIALS 


Cp  »  specific  heat,  Btu  lb~^  R”^ 

T  »  temperature,  R 

Figures  92  and  93  show  the  specific  heat-temperature  relation  for  the  FM-5014 
material  calculated  from  Equations  (19)  and  (20). 


ANALYSIS  OF  SPECIFIC  HEAT  MEASUREMENTS 
Error  Analysis 

Errors  associated  with  heat  content  measurements  by  the  ice  calorimeter  may  be 
classed  as  systemic  errors  or  as  those  associated  with  temperature  and  mercury 
weight  measurement.  The  systemic  errors  ccr  be  minimized  through  calibration  of 
the  instrument  either  absolutely  or  by  measuring  reference  standard  materials. 
Enron  in  temperature  or  mercury  weight  measurements  usually  result  in  lack  of  pre¬ 
cision  in  the  dota. 

System  performance  was  frequently  checked  by  heat  contort  measurements  of  NBS 
standard  ALOj.  During  the  most  recent  150  such  measurements,  performed  before 
end  during  mis  program,  all  observed  values  were  within  40.8  percent  of  absolute 
in  'he  temperature  ran  ye  490  -  1900  R,  and  within  4  1 .5  percent  of  absolute  in 
the  range  of  1900  -  4500  R.  In  addition,  calibration  was  checked  periodically  by 
introducing  a  known  heot  content  (electrically)  wid  comparing  it  with  the  amount 
measured  through  mercury  volume  displacement  The  most  recent  such  measure¬ 
ment  indicated  an  error  ov  -0.06  percent.  This  is  smaller  than  errors  in  measure¬ 
ment  of  a  standard  material,  so  no  correction  was  applied. 

The  precision  of  data  for  a  given  specimen  is  a  measure  of  the  accuracy  with 
which  temperature  and  mercury  displacement  measurements  are  made.  In  this 
program,  several  repeat  measurements  were  mode  at  nearly  identical  temperatures. 
The  agreement  of  heat  content  values  at  a  given  temperature  was  generally  within 
43  percent.  This  is  reasonable  in  view  of  a  nominal  4  2  percent  error  in  temper¬ 
ature  measurements,  and  considerably  less  than  4  I  percent  error  in  mercury  weight 
measurements. 

The  overall  accuracy  for  the  measurements  may  be  assumed  conservatively  to  be 
within  4  5  percent. 


Specific  Heot,  Btu/lb  R 


Temperature,  R 


FIGURE  92  SPECIFIC  HEAT-TEMPERATURE 

RELATION  FOR  FM-5014  (VIRGIN) 
MATERIAL 
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FIGURE  93  SPECIFIC  HEAT- TEMPERATURE  RELATION  FOR  FM-5014  (ZONE  I  CHAR)  MATERIAL 


Comparison  with  Published  Data 


Only  one  reference  was  found  on  specific  heat  measurements  on  the  materials  of 
this  program.  The  values  of  Pears,  et  al,  for  the  specific  heat  of  virgin 
MX-4926  material  agreed  well  with  those  measured  in  this  program. 

EXTRAPOLATION  OF  VALUES  TO  NONEQUILIBRIUM  STATES  OF  ABLATING 
CHARS 

While  specific  heat  measurements  in  this  program  were  performed  on  only  the  virgin 
and  zone  I  char  states  of  the  materials,  it  is  desirable  have  some  information 
on  the  properly  of  the  material  during  the  various  stages  of  pyrolysis  during  ablation. 
Since  the  values  of  virgin  and  zone  I  char  are  similar  at  the  beginning  of  temperature 
range  in  which  pyrolysis  occurs,  it  is  reasonable  to  extrapolate  the  virgin  data  to 
cover  the  case  during  pyrolysis. 

Information  available  on  these  materials  indicates  that  under  conditions  of  rapid 
ablation  the  virgin  state  can  exist  to  temperatures  as  high  as  1800  R.  If  the  curves 
for  virgin  materials  in  Figures  90  and  92  are  extrapolated  to  this  temperature  region, 
and  the  curves  for  zone  I  chars  in  Figures  91  and  93  are  added,  the  specific  heat  for 
intermediate  char  zones  can  be  estimated.  Figures  94  and  95  show  these  curves. 

The  shaded  area  between  curves  represents  the  zone  of  partial  pyrolysis.  Specific 
heat  moves  from  virgin  material  values  to  char  values  in  proportion  to  the  appropriate 
pyrolized  resin  fraction  discussed  in  Section  IX  and  illustrated  in  Figure  83. 

The  specific  heat  for  the  zone  I  chars  of  these  materials  at  very  high  temperatures 
can  be  estimated  by  extrapolation  of  curves  through  the  present  data,  and  by 
assuming  thar  the  materials  behave  like  graphite  at  the  higher  temperatures.  The 
initial  extrapolation  can  be  made  using  Equations  (15),  (16)  or  (20).  Since  the  third 
term  (  ^  )  approaches  0  at  the  higher  temperatures,  the  equations  will  assume 

the  fornJ  (A  +  BT),  a  straight  line.  The  high  temperature  char  specific  heats  are 
nearly  the  same  for  both  materials.  Equation  (16)  for  MX-4926  nozzle  char  gives 
results  within  ±  1%  of  those  for  FM-5014  laboratory  chars  given  by  Equation  (20). 
Equation  (15)  for  MX-4926  Laboratory  chars  gives  results  within  -5%  of  those  from 
Equation  (20). 
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FIGURE  94  COMPOSITE  SPECIFIC  HEAT  CURVES  FOR  MX-4926  MATERIAL  (LABORATORY  SPECIMENS) 
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FIGURE  95  COMPOSITE  SPECIFIC  HEAT  CURVES  FOR  FM-5014  MATEKlM 


SECTION  XI 


THERMAL  EXPANSION  MEASUREMENTS 
THERMAL  EXPANSION  TEST  METHOD 

lln«or  thermal  expansion  measurements  of  the  MX-4926  and  FM-5014  materials 
in  the  virgin/  zone  III  char  and  zone  I  char  states  were  made  by  a  comparative 
technique  using  dilatometers.  Zone  II  chars  were  not  measured.  It  was  assumed 
that  the  zone  III  and  zone  I  chars  would  represent  the  extremes  in  the  expansion 
variations.  Two  types  of  dilatometers  were  used,  a  low-temperature  manual 
dilbtometer  for  the  virgin  and  zone  III  materials,  and  a  high-temperature  auto¬ 
matic  recording  dilatometer  for  the  zone  I  materials. 

Low-Temperature  Apparatus 

Figure  96  shows  schematically  the  vertical,  quartz-tube  dilatometer  used  for  virgin 
and  zone  Hi  specimens.  In  1'iis  dilatometer  the  total  expension  of  a  specimen 
being  heated  is  measured  by  a  dial  indicator  which  is  grad, j'  ted  in  0.0001 -inch 
divisions  and  can  be  read  approximately  to  40.00003  inches.  A  chromel-alumel 
thermocouple,  embedded  in  the  specimen,  is  used  to  measure  its  temperature. 

High-Temperature  Apparatus 

The  linear  thermal  expansion  measurements  of  zone  I  chars  were  made  in  a  record¬ 
ing  dilatomete-,  illustrated  in  Figure  97.  The  specimen  is  supported  or.  a  graphite 
structure  in  the  tantalum  tube  furnace.  The  relative  displacement  of  the  upper 
and  lower  platforms  due  to  differential  expansion  between  the  specimen  and 
adjacent  structure  is  transmitted  through  the  structure  to  the  linear-variable- 
differential  transformer  (LVDT)  in  the  cool  zone.  A  signal  from  the  LVDT  propor¬ 
tional  to  the  specimen  expansion  is  displayed  on  one  axis  of  an  X-Y  plotter  as  the 
specimen  is  heated,  while  a  signal  from  a  tungsten-rhenium  thermocouple, 
positioned  in  close  proximity  to  the  specimen,  is  displayed  on  the  other  axis  of  the 
plotter.  The  electrical  power  input  to  the  tube  furnace  is  regulated  by  a  program¬ 
med  proportional  temperature  controller  to  produce  a  temperature  increase  and 
decrease  of  the  specimen  at  a  rate  of  6  R  per  minute.  At  the  higher  temperature, 
the  tenfwrature  is  periodically  measured  by  optical  pyrometry  through  a  quartz 
window  in  the  dilatometer-vessel  wall. 
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FIGURE  96  LOW-TEMPERATURE  DILATOMETER 
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FIGURE  97  HIGH -TEMPERATURE  OILATOMETER  ASSEMBLY 


Test  Procedure 


The  room-temperature  dens!  ty  of  each  specimen  was  calculated  from  length, 
diameter  end  weight  measurements  before  and  after  each  expension  measurement.. 
The  virgin  and  zone  III  materials  were  measured  in  the  low  temperature  dila- 
tometer  in  a  flowing  argon  atmosphere.  Temperature  and  dial  indicator  read¬ 
ings  were  taken  simultaneously  during  heating  and  cooling.  The  specimen  haotei 
was  regulated  manually.  The  linear  expansion -temperature  data  were  corrected 
for  the  effect  of  the  quartz  structure.  Heating  and  cooling  rates  were  maintained 
manually  at  6  degrees  R  per  minute. 

Zone  I  material  was  measured  in  the  high-temperature  dilotometer  under  flowing 
argon  after  evacuation.  The  total  expansion -temperature  data  as  recorded  on  the 
X- Y  plotter  were  corrected  for  the  effect  contributed  by  the  graphite  structure. 
This  correction  is  determined  through  measurements  on  materials  of  known  thermal 
expansion.  The  heating  and  cooling  rates  were  maintained  at  6  degrees  per  minute 
throughout  the  measurements. 


THERMAL  EXPANSION  RESULTS 

Measurements  were  made  on  laboratory-prepared  specimens  of  virgin,  zone  III  char, 
and  zone  I  char  of  bofh  the  MX-4926  and  FM-5014  materials.  In  addition,  specimens 
in  these  zones  cut  from  MX-4926  ablative  nozzle  component  material  were  measured. 

All  measurements  were  made  from  room  temperature  to  the  thermal  stability  limits 
for  each  zone  given  in  section  VIII. 

For  each  materia)  specimens  having  laminations  normal  and  parallel  to  the  long  axis 
(expansion  direction)  were  tested.  In  addition,  o  specimen  of  MX-4926  zone  III 
char  having  a  45  degree  lamination  angle  was  measured.  As  in  the  thermai  conduc¬ 
tivity  specimens,  the  lamination  angle  in  MX-4926  was  defined  along  the  bias  direction 
in  the  uniformly  oriented  carbon  cloth  reinforcement  and  the  lamination  angle  in 
FM-5014  was  established  in  randomly  oriented  graphite  cloth  reinforcement. 

Because  the  resin  portion  of  the  specimens  has  c  much  greoter  coefficient  of  expansion 
than  the  reinforcing  fabric,  the  specimens  with  fabric  laminations  normal  to  the  long 
axis  had  the  greoter  expansion.  This  was  more  evident  in  the  virgin  and  zone  III  chars 
than  in  the  zone  I  chon.  Permanent  dimensional  changes  occurred  in  almost  every 
specimen  as  a  result  of  the  thermal  expansion  measurements. 


171 


MX -4926  Phenolic  Carbon 


Figure*  98  t'src-ugh  '06  show  the  expansion-temperature  relations  for  the 
MX-4926  if.  jcimens. 


It  is  interesting  to  note  the  similarity  between  the  virgin  and  zone  III  chan.  In 
the  nozzle  specimens  with  Icmlnctions  normal  to  the  axis  of  the  specimen,  the 
shape  of  the  curves  are  similar.  In  the  zone  I  chars,  both  the  laboratory  char 
and  nozzle  char  exhibited  similar  characteristics,  Both  specimens  with  parallel 
laminations  exhibited  an  inflection  Isetween  3500  to  3900  R  aid  hod  a  permanent 
length  increase  at  room  temperature.  Both  specimens  with  normal  laminations 
had  a  permanent  shrinkage  at  room  temperature. 

Difficulty  was  encountered  In  obtaining  the  thermal  expansion  of  MX-4926  char 
nozzle  material  (zone  III)  with  the  laminations  normal  to  the  longitudinal  axis. 
Figure  101  The  specimen  had  to  be  cut  to  less  than  1/2-inch  in  length  to  obtain 
a  sound  specimen.  The  large  amount  of  expansion  in  the  herting  portion  may 
have  been  caused  by  delamination  of  the  specimen. 

An  attempt  was  made  to  determine  the  temperature  at  which  MX-4926  zone  III 
char  material  starts  fo  deform  ptvewiently,  A  step-type  heating  schedule  was 
used  wherein  the  specimen  was  heated  to  850  R,  cooled  to  760  R,  then  heated  to 
940  R,  and  bock  to  850  R,  etc.,  to  1570. R,  and  then  oooled  to  room  temperature. 

It  was  anticipated  that  the  point  at  which  the  expansion  did  not  double  bock  on 
Itself  would  be  the  "elastic  limit"  of  the  material.  Figurel04illu*trutes  this 
heating  schedule.  The  specimen  d<d  not  double  back  on  itself  at  any  point.  By 
contrast,  a  stainless  steel  specimen,  of  known  expansion,  was  subjected  to  this 
same  program  and  did  drtuble  back  on  Itself  over  the  wAole  program.  Therefore, 
the  effect  illustrated  in  Figure104is  a  characteristic  of  the  material  rather  them  of 
the  apparatus.  No  mechanism  to  explain  this  effect  has  been  found. 

Figure I05shows  a  specimen  of  the  same  material  takar  adjacent  to  the  first 
specimen  and  measured  a*  a  normal  heating  cycle.  Figure  106 shows  o  third  speci¬ 
men  measured  at  a  much  slower  heating  rate  with  l/24sour  holds  at  the  bottom  of 
the  step  heating.  This  change  in  heating  rate  did  not  eliminate  the  effect 
observed  in  Figure  104  . 

FM-5014  Phenolic  Graphite 

Figures  107  through  109  show  the  expension— Temperature  relation  for  the  FM-5014 
specimens. 


172 


Thermal  Expansion,  in/in 


0.024 


0.020 


0.016 


0.012 


0.006 


0.004 


0.004 


0.006 


0.012 


Percent  Permanent  Change 


Diameter 

Length 

Weight 

Density 

Normal 

+.540 

-.178 

-1.930 

-2.082 

Parallel 

+.160 

-.129 

-1.397 

-1 .390 

Normal 


Parallel 


400  600 


FIGURE  98. 


600  1000  1200  1400  1600 

Tenperatwre,  R 

THERMAL  EXPANSION  OF  MX-4926  VIRGIN  MATERIAL 
NORMAL  AND  PARALLEL  TO  LONGITUDINAL  AXIS 
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FIGURE  102  THERMAL  EXPANSION  OF  MX-4926  LABORATORY  CHAR  MATERIAL 
(ZONE  '),  NORMAL  AND  PARALLEL  TO  LONGITUDINAL  AXIS 
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FIGURE  1 39  THERMAL  EXPANSION  OF  FM-50M  CHAR  MATERIAL  (ZONE  I), 
NORMAL  AND  PARALLEL  TO  LONGITUDINAL  AXIS 


The  virgin  specimen  having  normal  laminations  had  an  extremely  large  shrinkage 
between  7 50  and  1000  R.  This  amount  of  shrinkage  was  not  exhibited  by  any  of 
the  other  virgin  materials. 


ANALYSIS  OF  THERMAL  EXPANSION  RESULTS 


Error  Analysis 

With  each  series  of  linear-expansion  measurements  it  is  routine  practice  to  make 
calibration  measurements  using  standard  specimens.  Type  316  stainless  steel  and 
molybdenum  specimens  are  used  as  standards  for  the  different  temperature  ranges. 
Any  deviation  from  the  literature  values  (8)  and  (9)  of  these  materials  is  applied 
to  the  unknown  sample  as  a  correction.  The  high-temperature  dilatometer  is 
calibrated  periodically  by  inserting  a  precision  micrometer  barrel  in  place  of  the 
structure  and  checking  this  known  movement  as  displayed  on  the  X-Y  plotter. 

The  main  sources  of  error  are  considered  to  be  the  temperature  measurements  and 
the  accuracy  of  the  expansion  values  for  standard  materials. 

The  overall  error  for  the  measurement  is  considered  to  be  less  than  ±3  percent. 

Data  Significance  -  Combined  Thermal  Expension  and  Pyrolysis  Shrinkage 

Expaision  data  is  required  for  computer  analysis  of  stresses  during  ablation. 
However,  the  stresses  induced  by  shrinkage  during  pyrolysis  also  must  be  con¬ 
sidered.  The  magnitude  of  these  shrinkage  effects,  which  tend  to  offset  expan¬ 
sion  measurements,  is  illustrated  in  the  following  table. 


FURNACE  CHARS  -  AVERAGE  PERCENT  TOTAL  SHRINKAGE 


Zone  III 
Zone  I! 


MX -4926 

Perp  Lam.  Para.  Lam. 
2.9  0.30 

5.5  0.57 


FM-5055A 

Perp.  Lam.  Para.  Lam. 
2.3  0.22 

3.2  0.33 


Since  the  total  pyrolysis  shrinkage  is  mote  than  the  total  thermal  expansion, it  is 
useless  to  rely  on  thermal  expansion  measurements  alone  in  the  analyses.  Further¬ 
more,  the  anisotropy  of  the  materials,  which  is  responsible  for  the  difference  in 
expansion  between  the  perpendicular  and  parallel  to  the  laminate  directions,  must 
also  be  considered  in  any  analysis.  Before  a  meaningful  thermal  stress  analysis  can 
be  performed,  however,  methods  of  measuring  and  analytically  combining  the 
separate  effects  of  expansion,  shrinkage  and  anisotropy  must  be  developed. 


185 


SECTION  XI! 


CONCLUSIONS 

A  thorough  characterization  has  been  accomplished  on  two  post-test  chars  from  120- 
inch  solid  rocke‘  nozzle  throats,  tape-wrapped  MX-4926  phenolic  carbon  and  rosette- 
molded  f-M-5014  phenolic  graphite,  and  on  one  plasma  test  char  representing  reentry 
applications,  molded  FM-5C55A  phenolic  carbon. 

Characterization  provided  a  microstructural  and  chemical  definition  of  three  distinct 
zones  representing  major  charges  occurring  in  the  mature  char.  These  were  a  "graphi- 
tized"  zone  near  the  char  surface,  an  "ungrc^shiti  sou’’  but  fully  porous  and  pyrolyzed 
intermediate  zone,  and  a  third  zone  containing  some  residual  unpyrolized  phenolic, 
which  reoresented  the  transit i-v  into  rhe  pyrolysis  zone.  These  zones  and  the  virgin 
material  precursor  were  reproduce  !  in  the  form  of  large  'labs  to  provide  stable  speci¬ 
mens  for  thermophysical  property  measurements.  Thermal  conductivity,  specific  heat 
and  thermal  expansion  measurements  by  Batteile  Memorial  Institute  established  the 
variations  in  these  properties  to  5000*R  expected  during  active  ablation.  Char 
characterization  provided  a  basis  for  extrapolating  from  properties  measured  on  stable 
char  analogues  tc  non  equilibrium  states  existing  during  active  ablation  . 

Thermal  conductivity  measurements  on  both  MX-4926  and  FM-5014  showed  that  the 
values  are  dependent  on  porosity  generated  during  pyrolysis,  on  Ine  amount  of 
"graphi fixation"  of  the  char,  and  on  the  lamination  angle  relative  to  the  heat  flow 
path.  The  developr  -»it  of  porosity  was  dependent  upon  the  rate  of  pyrolysis  which 
is  in  turn  heating  rate  dependent.  "Graphitization "  was  essentially  independent  of 
heating  rate  and  depended  upon  the  maximum  temperature  attained. 

Low  layup  angles  relative  to  .he  char  surface  resulted  in  lower  thermal  conductivity 
in  all  stages  of  ablation.  As  layup  angle  is  decreased,  virgin  material  conductivity 
decreases,  pyrolysis  generated  porosity  lowers  conductivity  more  effectively,  and  char 
"grcphitizafion"  increases  conductivity  less. 

Equations  correlating  conductivity  with  significant  material  changes  during  ablation 
were  established  and  used  to  develop  generalized  conductivity  data  and  a  method  of 
extrapolation  of  conductivity  to  various  temperatures  for  other  ablation  applications. 
Because  pyrolysis  rates  affect  development  of  porosity  quits  markedly,  the  conckictivity 
versus  temperature  relationship  varies  for  each  heating  rate  experienced  by  the 
pyrolysis  zone.  Pyrolysis  generated  porosity  irreversibly  decreases  conductivity,  so 
conductivity  versus  temperature  in  the  pyrolysis  zone  during  cooling  or  reflecting  periods 
is  lower  than  for  initial  heating.  Due  Vo  irreversible  "graphitization"  effects,  conductivity 
versus  temperature  relationships  applicable  to  cooling  ^r  reheating  periods  in  the  mature 
char  are  also  different  than  for  initial  heating.  Each  level  of  pyrolysis  or  "graphitization" 
gives  an  indivual  conductivity  curve  applicable  to  ‘hese  periods. 
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Specific  heats  of  samples  taken  from  the  nozzle  chars  and  of  samples  of  furnace 
reproduced  chars  were  in  good  agreement  and  values  for  the  virgin  material  were 
higher  than  "graphitized"  mature  char  at  low  temperatures.  Char  specific  heats 
were  similar  to  those  of  graphite.  Third  order  equations  for  enthalpy  and  specific 
heat  as  a  function  of  temperature  for  both  virgin  and  charred  material  were  estab¬ 
lished  for  use  in  computer  predictions  of  ablation  performance.  Averaging  the  small 
differences  between  virgin  and  char  values  through  the  pyrolysis  zone  will  account 
for  all  pyrolysis  rate  effects. 

All  thermal  expension  results  of  either  nozzle  or  furnace  chars  showed  large,  per¬ 
manent  dimensional  chcnges  regardless  of  the  maximum  test  temperature.  No 
general  correlation  of  expansion  data  applicable  to  actcve  ablation  was  possiole. 
The  tendency  for  phenolic  laminates  to  shrink  in  a  direction  normal  to  the  laminates 
during  pyrolysis  causes  greater  dimensional  change  on  unrestrained  material  than 
does  thermal  expansion. 


SECTION  XIII 


RECOMMENDATIONS 


Thermophys icoi  properties  of  refractory  fiber  reinforced  ablative  chars  above 
5000°R  should  be  determined  by  esfension  of  the  techniques  developed  on 
this  program  to  ascertain  the  significance  of  additional  transport  mechanisms 
and  the  effect  of  the  large  temperature  gradients  occurring  in  ablation. 

Characterization  and  thermophysical  property  measurements  on  char  ana¬ 
logues  should  be  conducted  for  an  actual  phenolic-carbon  reentry  char 
to  evaluate  the  effect  of  additional  "graphitizatian  "  noted  on  FM-5055A 
plasmo  test  chan  simulating  reentr> 

The  techniques  developed  on  this  program  should  be  applied  on  moterial 
representing  variations  in  a  given  type  such  as  phenolic-carbon  to  establish 
data  for  performance  trade  studies  between  types  and  provide  guidance  for 
improvement  of  ablator  insuring  effectiveness. 

Thermal  conductivity  should  be  measured  for  more  levels  of  porosity  and 
"graphitization *  to  reduce  the  extrapolation  required  to  account  for  the 
effects  of  these  changes  during  ablation. 

Methods  should  be  developed  to  measure  both  pyrolysis  shrinkage  and 
thermal  expansion  in  reinforced  phenolic  ablators  to  enable  analysis  of 
thermally  induced  strains  during  ablation. 

Characterization  and  fhermophysicai  property  measurements  should  be  con¬ 
ducted  on  other  ablators,  particularly  the  widely-used  phenolir  silica  type 
where  porosity  effects  ma\  be  greater  due  to  low  reinforcement  conductivity. 


APPENDIX  A 


DETAILS  OF  ERROR  ANALYSIS  FOR  THERMAL 
CONDUCTIVITY  MEASUREMENTS 


The  estimates  of  accuracy  and  precision  of  the  thermal  conductivity  data  were  obtained 
from  the  results  of  two  separate  experiments  designed  to  indicate  the  accumulated  effects 
of  all  sources  of  experimental  error  on  the  measured  thermal  conductivity  values.  The 
accuracy  and  precision  of  the  data  were  determined  by  the  uncertainties  associated 
with  thermocouple  calibration,  thermocouple  bead  location,  heat-meter  calibration, 
and  measurement  technique.  The  latter  includes  many  factors,  such  os  the  effects  of 
radial  heat  fluxes  in  the  crtrsotropicxpecimem,  thermal  resistance  e'ements,  and  the 
heat-flow  meter  on  the  measured  conductivity  value;  the  effects  associated  with  vari¬ 
ations  in  thermocouple-specimen  thermal  bonds  due  to  inhomogeneity  of  specimen 
material,  heater-power  fluctuations,  and  possible  thermocouple  deterioration  due  to 
environmental  factors.  Many  of  these  sources  of  error  interact  and  so  are  correlated 
in  the  error  experiments.  For  this  reason,  the  experimental  approach  to  error  esti¬ 
mation  is  considered  realistic. 

The  error  experiments  were  performed  on  one  0-degree  and  one  90-degree  lamination 
specimens.  When  the  errors  for  these  extreme  cases  were  determined,  errors  for  the 
specimens  with  lamination  angles  between  these  two  extremes  could  be  inferred. 

For  studies  relating  to  0-degree  lamination  specimens,  an  experiment  was  performed 
on  specimen  PC-1 1-0.  This  specimen  was  measured  under  a  range  of  conditions  which 
produced  variations  in  measured  thermal  conductivity  due  to  the  accumulated  sources 
of  error  mentioned  above.  The  range  of  boundary  conditions  was  extreme  enough  that 
measurements  on  any  other  0-degree  lamination  specimen  would  have  a  high  probability 
of  falling  within  this  range. 

To  investigate  the  possibility  of  radio!  heat  flow,  specimen  P C  —  T  ’  —  0  was  instrumenred 
with  two  radial  thermocouples  in  addition  to  the  three  used  in  the  cnlci/arion  of  the 
thermal  conductivity  of  the  specimen.  These  were  placed  at  distances  of  approximately 
3/4  inch  and  1  inch  from  the  center  of  the  specimen,  and  at  approximately  its  mid¬ 
plane.  Also,  a  thermocouple  was  cemented  with  graphite-base  cement  to  the  1/4-inch 
thick  layer  of  carbon  felt  insulation  which  was  placed  oround  the  curved  surface  of  the 
specimen.  This  was  also  at  about  the  midplane  of  the  specimen,  and  gave  a  measure  of 
temperature  of  the  carbon  felt  insulation  relative  to  the  specimen  temperature  during 
the  measurements. 

Several  measurements  of  conductivity  were  mode  on  this  specimen  at  approximately 
the  same  average  specimen  temperature,  but  with  varying  temperature  differences 
across  the  flat  face*  of  the  specimen.  The  flat-face  temperature  differences  were 
varied  by  changing  the  thermal  resistance  between  specimen  and  heat  meter,  done  by 
varying  the  number  of  woven  graphite  cloth  pads  placed  the~e.  The  reduced  data  for 


all  data  points  appear  in  Figure  A-l  and  in  Table  A-  1.  The  table  is  ordered  in 
positively  increasing  temperature  differences  between  the  one-inch  radial  thermo¬ 
couple,  T],  and  the  insulation  thermocouple,  T|,  because  the  radial  neat  flux  is 
proportional  to  this  qucntity.  In  the  0-degree  specimens,  radial  heat  flow  should 
have  been  nearly  symmetric  about  the  centerline  of  the  specimen. 

The  temperature  differences  between  the  one-inch  radial  thermocouple,  T],  and  the 
insulation  temperature,  Tj,  correlated  well  with  the  difference  between  the  average 
specimen  temperature,  T^,  ana  the  insulation  temperature,  as  seen  in  Table  A-l; 
both  the  temperature  differences,  (T^-T|)  and  (T ]  -T|),  indicated  the  same  direc¬ 
tion  for  the  radial  heat  flux  in  all  cases.  The  column  labeled  refers  to  the 

direction  of  radial  heat  flow  as  indicated  by  these  two  temperature  differences;  minus 
indicates  heat  flew  from  the  insulation  to  the  specimen,  plus  indicates  heat  flow 
from  the  specimen  to  the  insulation.  (It  should  be  noted  that  the  curve  for  the  data 
of  Figure  67  was  weighted  toward  those  points  where  was  indicated  to  be  near 

zero.) 

Also  listed  in  Table  A-l  for  each  equilibrium  are  the  number  of  graphite  pads  used  as 
thermal  resistance  units  in  the  experiment,  an  increasing  number  of  pads  giving  in¬ 
creasing  thermal  resistance  between  the  specimen  and  heat-flow  meter,  and  thus  a 
smaller  terepenature  difference  across  the  specimen.  The  temperature  difference,  AT, 
across  the  specimen  is  listed  in  the  last  column.  Arrows  are  drown  between  those 
values  of  AT  which  were  obtained  at  approximately  the  same  average  specimen 
temperature.  Comparison  of  the  two  sets  of  data  so  indicated  shows  that  q(S_|)  changed 
from  minus  to  plus  as  AT  was  changed  at  the  fixed  value  of  T^.  The  data  at  T^  •« 
1875  R  were  the  most  complete  since  q($-|)  changed  from  minus,  to  near  zero,  to  plus 
in  this  case.  The  two  cases  indicated  by  the  two  sets  of  arrows  probably  represent  the 
extreme  in  heat  flow  patterns  experienced  by  the  O-degree  lamination  specimens.  In 
the  cases  where  is  minus,  the  temperature  difference  across  the  specimen  was 

also  large  in  relation  to  the  cases  where  q(S-|)  wos  positive  for  the  some  average  speci¬ 
men  temperature.  This,  together  with  the  fact  that  q(3/4  -  1)  was  always  positive. 
Indicates  the*  in  the  cases  of  large  AT's  at  the  lower  values  of  TA/  the  high  tempera¬ 
ture  portion  of  the  specimen  was  hotter,  or  as  hot,  as  the  insulation  end  lost  heat  to 
it,  whereas  the  lower  temperature  portion  of  the  specimen  was  Heated  by  heat  flowing 
from  the  insulation.  In  the  cases  of  larger  thermal  resistance  between  specimen  and 
meter,  AT  across  the  specimen  was  smaller,  the  specimen  tended  to  be  at  a  higher 
temperature  than  the  insulation,  and  heat  flowed  from  the  specimen  to  the  insolation 
along  its  entire  thickness. 

Figure  A-l  shows  the  data  obtained  for  specimen  PC-lt-0  along  with  the  temperature 
differences  across  tl.e  specimen  experienced  at  each  equilibrium.  The  accuracy  in 
the  thermal  conductivity  values  for  the  O-degree  specimens  is  based  on  the  variation 
of  conductivity  shown  in  this  figure  at  1875  R.  It  is  considered  that  this  variation  in 
conductivity  with  boundary  conditions  represents  the  worst  case  experienced  in  zones  II 
aid  I  by  the  O-degree  specimens.  Also,  the  variations  in  conductivity  in  this  case 
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FIGURE  A-l  EFFECT  OF  RADIAL  HEAT  FLUXES  ON  THE  THERMAL  CONDUCTIVITY  OF  SPECIMEN  PC-ll-0  (MX- 


TABLE  A-  1 


PERTINENT  INFORMATION  ON  THE  ERROR  DETERMINATION 
EXPERIMENT  PERFORMED  ON  SPECIMEN  PC-ll-0 


N 

7,-T, 

181 

H 

T3/4-T, 

T3/4-1. 

q3/4- 1 

Vi 

AT 

1 

-82.4 

-87.6 

1390 

+48.2 

-34.2 

+ 

- 

737  — 

1 

1 

-62.6 

-51.2 

1809 

+37.5 

-25.2 

+ 

- 

851  — 

- 

1 

-47.9 

-69.4 

604 

+30.1 

-17.8 

+ 

- 

353 

1 

-45.5 

-72.3 

740 

+26.5 

-19.0 

+ 

- 

422 

10 

_9  9 

+24.7 

913 

-*br 

0 

218 

5 

-6.8 

+  14.2 

1415 

+27.9 

+21 .0 

+ 

0 

467-» 

s 

V 

10 

+  1.1 

+37.6 

1800 

+27.2 

+26.1 

+ 

0 

413— 

— 

10 

+2.3 

+33.1 

1410 

*** 

t 

326— 

_ 

10 

+7.6 

+61.1 

2210 

+  17.1 

+24.6 

+ 

+ 

_ 

532 

N  The  number  of  graphite  pads  placed  between  the  specimen  and  heat 

meter.  This  determined  the  thermal  resistance  and  therefore,  the 
temperature  difference  obtained  across  the  specimen. 


Tj  &  The  temperature  at  one-inch  and  3/4-inch  distances  from  the  center 

T„ /,  of  the  specimen  at  approxifrrteiy  the  midplane  of  the  specimen.  All 

temperatures  in  degrees  R. 


T 


I 


The  temperature  at  approximately  the  midplane  of  the  specimen  of 
the  carbon  felt  insulation  surrounding  the  curved  surface  of  the  specimen. 


T^  The  average  terrperature  of  the  specimen  as  calculated  from  the  hot  and 

cold  flat  surface  temperatures  which  were  obtained  by  extrapolation 
from  the  three  central  specimen  thermocouples. 


q3/4-l 


Indicates  the  direction  of  radial  heat  flow  at  approximately  the  mid- 
plane  of  the  specimen  as  given  by  (T3/4-TJ5.  Plus  indicates  heat  flow 
outward  from  the  central  test  volume  of  the  specimen. 


j_l  Indicates  the  direction  of  radial  heat  flow  at  approximately  the  mid¬ 

plane  of  the  specimen  as  given  by  (Tj-Tj).  Plus  indicates  heat  flow 
from  the  specimen  to  the  surrounding  insulation,  zero  indicates  near 
zero  radial  heat  flow,  minus  indicates  heat  flow  from  the  insulation 
into  the  specimen. 

AT  The  temperature  difference  between  the  hot  and  cold  flat  surface  of  the 
specimen  at  the  particular  equilibrium. 


include  the  accumulated  uncertainties  in  specimen  thermocouple  calibration,  thermo* 
couple  bead  location,  radial  heat  flux  effects,  heater-power  fluctuations,  possible 
thermocouple  changes  and  the  uncertainty  related  to  the  heat-meter  function  of 
determining  the  value  of  the  heat  flux  through  the  test  volume  of  the  specimen. 

To  calculate  the  mean  deviation  of  the  thermal  conductivities  at  the  temperature  of 
18/5  R,  Figure  A-J  was  used  to  obtain  the  necessary  conductivity  values.  Using 
K  =  2.55  for  the  AT  =  467  equilibrium,  K  =  2. 15  for  A  I  -  326,  and  K  *  1 .90  for 
ilT  -  737,  the  meon  value  for  K  at  1875  R  is  2.20.  The  largest  deviations  within 
the  three  conductivity  values  from  this  mean  valueare  plus  13.6  and  minus  15.9 
percent.  The  uncertainty  in  the  thermal  conductivity  for  the  0-degree  lamination 
specimens  of  both  materials  for  zone  It  and  I  are  thus  taken  to  be  +16  percent. 

For  the  virgin  and  zone  III,  0-degree  lamination  specimens,  time  in  the  program  did 
not  permit  experiments  of  the  type  described  above.  However,  because  a  conduction 
heater  was  used  for  measurement  of  these  zones  rather  than  the  radiation  type  heater 
as  used  in  zones  II  and  I,  and  the  lower  temperatures  required  in  virgin  ond  zone  III 
measurements,  several  of  the  problems  encountered  in  the  high-temperature  measure¬ 
ments  simply  did  not  arise  in  the  lower-temperature  zones.  Less  conduction  of  heot 
along  thermocouple  assemblies,  more  predictable  insulation  temperatures  relative  to 
the  specimen  temperatures,  more  reliable,  easily  handled  chromel-alumel  thermo¬ 
couples,  ond  other  similar  factors  all  contribute  to  increasing  the  accuracy  of  the 
virgin  and  zone  III  thermal  conductivity  measurements  over  that  attained  for  the 
zone  II  and  I  measurements.  For  these  reasons,  an  overall  uncertainty  of  ±8  percent 
is  assigned  to  the  thermal  conductivity  data  for  the  0-degree  lamination  specimens  of 
both  materials  for  zones  III  and  virgin. 

An  experiment  similar  to  that  performed  on  specimen  PC-H-O  was  planned  for  speci¬ 
men  PC-11-90.  For  reasons  described  in  Appendix  D,  "Thermal  Conductivity  Data 
Scatter  and  Adjustments",tH«  anisotropy  of  the  90-degree  lamination  specimens  gave 
rise  to  more  uncertainty  in  the  values  of  measured  thermal  conductivity  than  was  the 
case  for  the  more  symmetric,  0-degree  lamination  specimens. 

A  specimen,  PC-1 1-90,  was  instrumented  to  indicate  the  asymmetrical  heot  flow 
pattern  developed  during  measurement*.  The  pianned  variations  in  thermal  resistance 
between  the  specimen  and  heat  meter  to  note  the  effect  on  the  measured  value  of 
thermal  conductivity  were  not  totally  successful  due  to  data  scatter  introduced  by 
specimen  anisotropy.  For  the  "error  estimation  of  the  thermal  conductivity  for  the 
90-degree  lamination  specimens,  the  results  of  Table  D-1  are  relied  upon  to  indicate 
some  of  the  cause  for  uncertainty,  but  the  error  estimate  itself  must  be  mode  on  the 
basis  of  experience  with,  and  degree  of  confidence  in,  the  measurement  technique. 
Accordingly,  it  is  considered  that  the  data  presented  for  the  90-degree  lamination 


*Tcble  D-1  gives  the  results  of  the  measurements  which  are  discussed  in  Appendix  D 
in  some  detail . 
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specimens  in  zones  II  and  I  for  the  FM-5014  material,  PG-ll-90and  PG-l-90,  have 
an  uncertainty  of  ±20  percent .  In  the  case  of  the  90-degree,  zone  II  and  I,  MX-4926 
specimens,  an  additional  uncertainty  was  added  to  compensate  for  difficulties  in 
obtaining  consistent  heat-flow  meter  readings  late  in  the  program.  For  these  two 
materials,  PC-1 1 -90  and  PC-1 -90,  an  uncertainty  of  *25  percent  is  considered  expro¬ 
priate  . 

For  the  same  reasons  o'  gn»*n  above  for  ft>»  0-degr*e  lamination  specimen*,  *he  un¬ 
certainty  in  reported  thermal  conductivity  curves  for  both  materials  In  the  virgin  and 
zone  III  specimens  is  less  than  in  the  zone  II  and  I  specimens.  For  the  90-degree 
lamination  specimens  of  both  materials  for  zones  III  and  virgin,  an  overall  uncertainty 
of  ±15  percent  is  assigned. 

The  accuracy  and  precision  of  the  thermal  conductivity  measurements  for  the  specimens 
with  lamination  angles  between  0  and  90  degrees  will  be  between  the  limits  established 
for  the  0-  and  90-degree  specimens.  Since  severe  anisotropic  effects  begin  for  cny 
angle  other  than  0,  a  linear  interpolation  with  lamir  jtion  angle  between  the  extreme 
values  is  not  expropriate.  However,  relying  on  observed  data  scatter,  it  is  safe  to  say 
that  the  20-degree  specimens  lie  closer  to  the  0-degree  limit,  whereas  the  45-degree 
specimens  lie  closer  to  rhe  90-degree  limit. 

A  summary  of  assigned  accuracy  and  precision  limits  for  all  specimens  measured  in  this 
program  is  given  in  section  IX. 
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APPENDIX  B 


CORRELATION  OH  THERMAL  CONDUCTIVITY  Afw  TuROSITY 


Char  zones  III,  II,  and  that  porlion  of  zone  i  wherein  the  data  indicate  that  radiant 
energy  transport  across  pores  is  negligible  are  considered  in  this  correlation,  A 

(.vtieivuiu-  would  not  be  expected  be*ween  zone*  wh*«  significant  "grqphiti- 
zation"  occurred  in  the  higher-temperature-zone  specimen.  Indeed,  the  porosity 
correlation  proves  of  value  in  determining  the  significance  of  the  effects  of  "gn^jhiti- 
zation"  on  the  thermal  conductivity. 


Many  theories  exist  which  give  the  effective  conductivity  of  o  multiphase  system  in 
terms  of  the  conductivities  of  the  constituent  "pure"  phases.  The  Maxwell-Eucken 
relation,  as  developed  by  Belle,  et  al  ;s  used  here  to  relate  the  effective 

conductivity  of  the  char  to  those  of  the  solid  and  void  phases  comprising  the  char.  In 
a  vacuum  or  argon  gas  environment  end  at  low  temperatures,  the  conductivity  attributed 
to  the  pore  itself  is  negligible  compared  tc  that  of  the  solid  matrix  surrounding  the  pore. 
In  this  case,  which  was  met  in  the  present  measurements  in  zones  III,  II  end  the  low- 
temperature  portion  of  zono  I,  the  porosity  relation  is  in  the  form  given  in  Equation  (I) 


where 


K 

fi 

K 


K 

s 


„  (i  -  i) 

KS  (I  *fl  ) 

l 

=  pore  shqae  factor  =  (— ^ — - — I — )  R 

y  2 

=  conductivity  of  porous  material 


-  conductivity  of  dense  material 


{  =  volume  pore  fraction  (porosity) 

x  =  axis  of  ellipsoidal  pores  parallel  to  the  heat  flow 
through  the  porous  material 

y,z  =  other  two  axes  of  ellipsoid 


(1) 

(2) 


R  =  "roughness  factor"  for  pore  which  represents  the 

extent  of  departure  of  the  pore  from  an  ellipsoidal 
shape  .  R  is  greater  than  one . 
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The  study  of  char  porosity  through  the  use  of  photomicrographs  indicated  that  the  large 
pores  (inter-yarn  size)  hove  o  tendency  to  form  along  the  yams  and  with  about  a  4:1 
dimension  ratio,  the  long  dimension  being  along  the  yarn  direction.  Assuming  that 
these  pores  ore  largely  responsible  for  the  deviations  of  the  thermal  conductivity  of 
the  porous  specimens  from  that  of  the  theoretically  dense  material,  and  that  they  are 
ellipsoidal  in  shape,  (R  =  1),  the  following  values  of  0  are  obtained  for  heat  flow 
parallel  and  normal  to  the  pores. 

8  =  4/5  for  heat  fiow  normal  to  the  long  axis  of  (3) 

the  ellipsoidal  pores  distributed  throughout 
♦he  material . 

0  =  1/8  for  heat  flow  parallel  to  the  long  axis  of  (4) 

the  ellipsoidal  pores  distributed  throughout 
the  material . 


A  sinplified  picture  of  the  reinforcement  fabrics  as  seen  by  the  applied  heat  flow  shows 
'  •<  ertreme  views  for  the  cases  of  0-degree  and  90-degree  angles  of  the  reinforcing 
•  .  v.  *he  surface  of  the  specimen.  In  the  0-degree  case  the  applied  heat  flux  sees 
all  a  yarns  of  the  fabrics  essentially  as  cross-hatched  cylinders,  the  axes  of  the 
"cylinders"  being  normal  to  the  cpplied  heat  flux.  Since  the  pores  are  assumed  to  be 
aligned  along  the  yarns,  this  case  represents  the  flow  of  heat  normal  to  the  long  axis 
of  ellipsoidal  pores  for  which  me  pore  shape  factor  is  given  in  Equation  (3).  In  the 
90-degree  case,  applied  heat  flux  sees  the  equivalent  of  about  one-half  the  yarns 
aligned  parallel  to  the  direction  of  heat  flux  and  about  one-half  of  the  yarns  aligned 
normal  to  the  heat  flux.  Thus,  the  pore  shcpe  *actor  for  the  90-degree  lamination 
specimens  is  a  linear  combination  of  those  given  by  Equations  (3)  and  (4).  Since  the 
ratios  required  in  the  porosity  correlation  varied  little  from  the  use  of  Equation  (4)  in 
place  of  an  appropriate  combination  of  (3)  and  (4)  for  the  90-degree  case,  Equation  (4) 
was  used  for  the  sh<^>e  factor. 


The  conductivities  of  the  theoretically  dense  material  in  Equation  (1)  must  be  different 
in  the  0-  and  90-degree  specimens  since  these  two  cases  actually  approximate  the 
orientation  of  the  principle  conductivity  axes  for  the  laminate  materials. 


Using  Equations  (3)  and  (4)  in  Equation  (1)  gives  the  required  equations  describing 
porosity  effects  in  the  thermal  conductivities  for  the  0-  and  90-degree  lamination 
materials . 


K 


0 


k  o 

s  0  +  5  4  ) 


n  -  i) 

(i+^<) 


(5) 

(6) 
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If  it  is  assumed  that  the  change:  in  thermal  conductivity  between  zones  III,  II  and  I 
are  due  only  to  changes  in  porosity,  Kt  in  Equations  (5)  and  (6)  will  be  the  same  for 
each  zone  and  only  $  will  change.  This  gives  three  equations  each  for  the  0-  and 
90-degree  lamination  specimens. 

k0! .  K  o 

'  <'  *  j  <  ,> 

;  .  90  (« 

90  *  n  *  }  t  \ 

'  8  i 


where  i  ~  3,2,  1  for  zones  ill,  il  and  I . 


From  Equations  (7)  and  (8j  it  follows  that  the  slopes  of  the  conductivities  from  one  zone 
to  another  will  be  related  in  the  same  ratio  as  the  conductivities. 


dK0'/dT 


dK0'/dT 


The  same  is  true  for  K^q  . 


Porosity  correlations  for  the  two  materials  studied  in  this  program  will  now  be  discussed 
separately. 


FM-5014  Material 

As  discussed  in  Section  XIII.  open  porosities  were  measured  for  duplicates  of  all  of  the 
conductivity  specimens  terted  (taken  from  the  same  furnace  slab  char),  and  apparent  solid 
density  was  calculated  from  the  open  porosity  and  the  measured  apparent  density.  Also, 
solid  and  apparent  densities  and  total  porosities  wr  -e  directly  determined  on  the  six 
FM-5014  thermal  conductivity  specimens  after  completion  of  the  thermai  conductivity 
measurements .  Significant  differences  were  observed  between  open  (connected  porosities) 
and  total  porosities. 


Use  of  Equations  (7)  and  (8)9  with  the  values  for  open  porosity  and  for  total  porosity 
obtained  after  test  on  conductivity  specimens, gives  the  following  relations  between  the 
conductivities  of  the  porous  and  theoretically  dense  materials. 
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TABLE  B-l  RELATIONS  BETWEEN  POROUS  AND  THEORETICALLY  DENSE 
THERMAL  CONDUCTIVITIES  FOR  0-  AND  90-DEGREE  LAMI¬ 
NATION  SPECIMENS  OF  FM-5014 


Using  Total  Porosity  (  4  f) 
Conductivity  Specimen 


L  !ng  Open  Porosity  (  (  q)  of 
Duplicate  Specimen 


n  7  7A  k 


0.512  K 


s 


0.707  K 


0.752  K 


0.663  K 


0.775  K 


90 


90 


90 


0.717 

0.586 

0.663 

0.791 

0.696 

0.802 


s 


K 


90 


s 


k 


90 


s 


K 


90 


s 


The  ratios  of  conductivities  across  zones  as  predicted  by  the  porosity  formulae  may  be 
compared  with  the  measured  conductivity  data.  The  group  of  conductivity  relations  of 
Table  8-1  give  the  following  ratios: 


Based  on  Total  Porosities 

Based  on  Open  Porosities 

3  .  2  „  0.724  = 

*0  /Ko  or? 

1.414 

„  3/r  2  0.717 

Kc  /Kc  ”  055  ~ 

1.219 

„  2 1  0.512  _ 

K0  /K0  "  007  ’ 

0.724 

„  2 1  0.588 

Ko  /Ko  _  = 

0.887 

„  3  2  0.752 

K90/K90  0.O63 

=  1.134 

K  3.  2  _  0.791  _ 

90  '  90  095 

1.136 

K  2/k  1  =  £4^ 

90  7  90  57775 

=  0.855 

*  2,  1  _  0.696  _ 

90  '  90  "  057 

0.868 

A  remark  is  in  order  at  this  point  to  indicate  the  manner  in  which  the  porosity  correlation 
Influenced  the  fitting  of  the  final  curves  to  the  experimental  data  for  the  FM-5014 
material . 


In  fitting  curves  fo  tfie  data,  a  preliminary  c ur/e  was  first  drawn  through  the  data 
points,  for  zones  III,  II  and  the  low-temperature  part  of  zone  I,  a  straight  line 
appeared  to  be  an  accurate  representation  of  the  data.  Then  the  ratios  of  conductivi¬ 
ties  Ov.iOui  ilie  2ortes  which  are  given  above  were  utilized  to  supply  the  porosity- 
predicted  values  of  conductivity  in  the  highei  2one  using  the  experimental  value  of 
conductivity  obtained  for  the  lower  zone  appearing  in  the  ratio.  The  porosity-predicted 
conductivities  for  the  higher  zone  were  calculated  from  the  lower  zone  data  at  temp¬ 
erature:  where  the  data  for  the  two  zones  overlapped.  The  slope  of  the  higher  temp¬ 
erature  zone  was  also  calculated  from  that  of  the  lower  zone  through  Equation  (9), 
again  using  the  conducfivit)  ratio  as  given  by  the  porosity  change  from  the  lower  to 
the  higher  zone .  If  the  porosity -predicted  value  and  slope  for  the  higher  zone  fell 
within  the  error  band  of  the  measured  values,  the  preliminary  conductivity  curve  for 
the  higher  zone  was  weighted  toward  these  values.  The  fact  thar  the  conductivity 
curves  were  essentially  straight  until  the  temperatures  in  zone  I  were  reached  made 
this  procedure  simple.  The  most  precise  thermal  conductivity  data  were  obtained  for 
zone  Ml,  These  data  had  little  scatter  and  gave  good  definition.  Therefore,  the  pro¬ 
cedure  described  above  was  started  in  zone  III  and  used  to  weight  the  data  curve  fit 
to  the  zone  II  data.  Then  the  final  zone  II  curve  was  used  in  the  same  way  to  eshmate 
the  level  and  slope  of  the  initial,  low-temperature  section  of  the  zone  I  curve.  As  it 
turned  out,  the  preliminary  curves  fitted  to  the  data  for  zone  II  and  the  low-temperature 
portion  of  zone  I  were  very  close  to  those  predicted  by  the  porosity  changes  utilizing 
the  well  defined  »nne  III  data.  Only  vciy  slight  changes,  well  within  the  experimental 
error,  were  required  to  bring  the  curves  into  good  agreement  with  the  porosity  change 
predictions  except  in  two  cases  discussed  below  where  the  porosity  correlation  gave 
conductivities  and  slopes  which  were  outside  of  the  error  limits  associated  with  the 
data. 

Table  B-2  compares  the  conductivity  ratios  across  zones  os  given  by  the  measured 
porosities  and  the  actual  data.  The  data  were  taken  at  the  temperatures  indicated  in 
Table  B-2  from  the  curves  fitted  to  the  data  as  given  in  Figures  75,  76  ,  77  ,  78  ,  79  and  80. 


TABLE  B-2  THERMAL  CONDUCTIVITY-POROSITY  CORRELATIONS 
FOR  FM-5014  MATERIAL,  ZONES  III,  II  AND  I 


Temperature  (R) 


Zones  III  to  II  Correlations,  0-Degree  Laminations 


K  3/lc  3°) 

Ko  /Ko 


K  3/K  *b) 

Ko  /Ko 


k"  ^  /ic 

Ko '  0 


1200 

5.71 

4.1 

1.39 

1 .41 

1  .22 

1400 

6.20 

4.4 

1.41 

1  .41 

1  .22 

1500(d> 

6.45 

4.6 

1  .'40 

1  .41 

1  .22 

1600 

6.70 

4.7 

1.42 

1 .41 

1 .22 
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TABLE  6-2  (CONTINUED) 


Zones  II  to  I  Correlations,  0-Degree  Laminations 


Temperature  (R) 

Ko’ 

JO 

o 

o 

„  2.  1(b) 

*0  /Ko 

„  2,  1(c) 

Ko  /Ko 

2200 

5.8 

14.6 

0.40 

0.72 

0.89 

2400 

6 . 1 

14.8 

0.41 

0.72 

0.89 

2600^) 

6.5 

15.0 

0.43 

0.72 

0.89 

Zones  III  to  II  Correlations,  90-Degree  Laminati 

ons 

Temperature  (R) 

K  3 

90 

K  2 
90 

*  3/tr  aa> 

*90  7 *90 

K  3/K  *b) 
*90  /K90 

K  3/K  *c) 

90  7  90 

1000 

24.7 

21.5 

1.15 

1.13 

1.14 

1  20C 

26.1 

22.8 

1.14 

1.13 

1.14 

H00<d> 

27,4 

23.9 

U5 

1.13 

1 .14 

1600 

26.7 

25.2 

1.14 

1.13 

1.14 

Zones  11  to  1 

Cu.-'elatioiU,  90-Degree  Laminations 

Temperature  (R) 

K  2 
*90 

K  1 
*90 

v  2/k  1(a) 
90  7  90 

r  2/r  '(*») 

90  7  90 

K  2/k  ,(c) 

90  7  90 

2000 

27.3 

27.3 

1.00 

0.85 

0.87 

2IOO*dl 

27.9 

27. S 

1.00 

0.85 

0.87 

2300<d) 

29.3 

28.8 

1.02 

0.85 

0.87 

2400<d) 

30.2 

30.3 

1.00 

0.85 

0.87 

(a)  Value  from  the  curve  fit  to  the  measured  conductivity  data. 

(b)  Value  calculated  from  the  total  porosity  change  acro.s  rones. 

(c)  Value  calculated  from  the  open  porosity  change  across  zones. 

(d)  Temperature  at  which  the  experimental  data  for  the  two  zones  overlapped. 


The  agreement  between  the  porosity-predicted  and  experimentally  obtained  conductivity 
ratios  across  the  char  zones  in  Table  B-2  shows  that  a  correlation  is  apparent  between  the 
change  in  thermal  conductivity  from  one  char  zone  to  another  and  the  corresponding 
change  in  porosity  between  the  chars,  except  for  the  0-  and  90-degree  laminations, 
zone  I  specimen.  The  fact  that  the  measured  conductivity  ratio  between  zones  1 1  and  I 
for  the  0-degree  case  is  a  factor  of  1 .8  "sailer  than  the  ratio  predicted  by  the  difference 
in  porosity  between  the  two  specimens  co.-i  be  interpreted  as  an  indication  that  the  solid 
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matrix  conductivity  of  the  rone  I  char  was  increased  by  the  "graphitizafion"  which 
occurred  in  tfv.  h  gh  terr^erature  char.  In  the  zone  II  to  zone  I,  90-degree  case,  the 
experimental; y  de v<rrrr.!Ped  ratio  is  a  factor  of  ?.  1  to  1 .2  larger  than  the  ratio  as  given 
by  the  difference  in  specimen  porosities.  Attributing  this  to  a  "graphitizafion"  effect 
on  the  solid  matrix  conductivity,  it  appears  that  in  the  90-degree  case,  the  solid  matrix 
conductivity  was  decreased  by  the  "graphitizotion"  which  occurred  in  the  high  temp¬ 
erature,  zone  I  char.  The  significant  increase  in  solid  matrix  conductivity  for  the  0- 
degree,  zone  I  case  could  not  be  accounted  for  by  experimental  error;  the  effect  of 
"graphitizotion"'  is  apparent.  However,  the  decrease  in  solid  matrix  conductivity 
noted  for  the  90-degree  case  is  relatively  small  and  could  possibly  be  attributed  to 
experimental  error. 

The  relative  effects  of  "graphitizafion"  on  the  0-  and  90-degree  specimens  can  be 
interpreted  in  relation  to  the  influence  of  the  reinforcement  cloth  on  the  phonon  conduction 
process  in  the  moterial .  In  the  90-deg'm  specimen,  up  to  half  of  the  cloth  yarns  were 
aligned  nearly  parallel  to  the  applied  heat  flux  .  These  yarns  tended  to  dominate  the 
conduction  process,  and  since  the  reinforcement  cloth  was  originally  graphitized,  the 
further  "grr^hitization"  which  occurred  in  the  zone  I  char  had  relatively  little  effect. 
However,  in  the  0-degree  specimen  the  axes  of  the  yarns  were  normal  to  the  applied 
flux.  In  this  case,  crystalline  growth  occurring  at  pore  sites  located  around  the  cloth 
,  fibers  could  significantly  improve  the  conduction  path  through  the  cloth,  thus  increasing 

the  solid  matrix  conductivity. 

The  success  of  the  porosity  correlation  in  zones  III  and  II  indicates  that  the  pyrolysis 
process  occurring  through  zones  III  and  II  principally  affects  the  porosity  of  the  speci¬ 
men;  concurrrent  chemical  changes  which  occur  during  pyrolysis  appear  to  exert  only 
minor  influence  on  the  thermal  conductivity. 

MX -4926  Material 

The  same  procedure  as  in  the  case  of  the  FM-50M  material  wa-.  'cilowed  tc  investigate 

1  the  possibility  of  correlating  the  observed  changes  in  thermal  conductivity  between  zones 

with  corresponding  changes  in  specimen  porosity .  As  discussed  in  section  VIII,  open 
porosities  were  measured  on  the  furnace  slab  samples,  and  the  total  porosities  for  four  of 
the  six  0-  and  90-degree  conductivity  measurements  were  completed.  Table  B-3  gives 
the  relations  between  the  porous  and  theoretically  dense  conductivities  obtained  from 
Equations  (7)  and  (8)  using  total  and  open  porosities.  The  porosity-predicted  thermal 
conductivity  ratios  across  zones  III  to  II,  and  zones  II  to  I  fur  the  0-  and  90-degree 
lamination  specimens  are  then  compared  with  the  ratios  obtained  from  the  reported  data 
curves  in  Table  8-4.  Finally,  the  results  of  the  comparison  ore  discussed  below  under 
the  assumption  that  the  porosity  formulae  correctly  account  for  porosity  effects  on  the 

|  thermal  conductivity . 

I 

I 
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TABLE  B-3  RELATIONS  BETWEEN  POROUS  AND  THEORETICALLY 

DENSE  THERMAL  CONDUCTIVITIES  FOR  0-  AND  90-DEGREE 
LAMINATION  SPECIMENS  OF  MX-492S 


Using  Total  Porosity  (  £  of 
Conductivity  Specimen 


0.394 

0.378 

0.433 

0.650 


0.718 

0.619 

0.806 


Using  Open  Porosity  (  (  q)  of 
Duplicate  Specimen  _ 


K  3  -  0.564  K  ° 
0  s 

2  0 

K*  =  0.497  K  u 

0  5 


Kq'  =  0.676  Ks° 

K  3  -  0.717  K  90 
90  s 

2  90 

K*  =  0.675  K 
90  s 

1  90 

K90  -  0.834  Ks 


[f7>  Values  for  total  porosity  were  measured  on  two  samples  of  the 
PC-1 1-0  conductivity  specimen.  Material  other  than  specimen 
material  (thermocouple  material)  was  probably  present  in  one  of 
the  samples.  Both  values  are  carried  through  the  calculations 
which  follow. 


The  group  of  conductivity  relations  of  Table  B-3  give  the  results  below: 

Based  on  Total  Porosities  Based  on  Open  Porosities 


KoV  - 

0.394 

075 

1 .042 

Ko  V  * 

0.564 

57397 

1.135 

‘oV  ■ 

0.394 

035 

0.910 

-  -  - 

-  - 

K  2/K  1  = 
0  '  0 

0.378 

055 

0.581 

Ko\'  - 

0.497 

5175  ■ 

0.735 

il 

o 

oX 

O 

V 

0.433 
055  " 

0.666 

-  -  - 

-  - 

K  3/K  3 

*90  7 *90 

0.718 

"  077  - 

‘  1.160 

0.717 

=  075  = 

1.062 

K  2/K  1 

*90  7  90 

0.619 

57555  ~ 

>  0.768 

K  2/K  1 

90  7  90 

0.675 
"  5^37 

0.809 
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The  data  curves  for  the  above  MX-4926  specimens  were  used  to  give  the  values  of 
thermal  conductivity  presented  in  Table  B-4  below  for  comparison  with  the  ratio' 
predictea  by  the  porosity  formulae.  No  adjustment  to  the  data  curves  was  mode  to 
weight  them  toward  the  porosity  predicted  values  as  was  done  for  the  FM-5014 
material.  In  the  MX-4926  materia!  case ,  the  O-degree  lamination  curves  were 
well  defined  by  the  data,  the  90-degree  lamination  data  were  less  well  defined.  The 
data  of  Table  B-4  allow  the  changes  in  conductivity  through  zones  III,  II  end  I  to  be 
interpreted.  As  in  the  case  of  the  FM-5014  material,  the  agreement  between  con¬ 
ductivity  ratios  based  on  total  and  open  porosities  is  generally  good. 

Consider  the  O-degree  lamination  conductivities.  The  fact  that  the  measured  con¬ 
ductivity  ratio  from  zones  III  to  II  is  significcntly  greater  (by  a  factor  of  about  1 .8) 
than  that  which  would  be  due  only  to  the  increase  in  porosity  suggests  that  the  solid 
matrix  conductivity  of  the  zone  II  material  was  decreased  by  some  charge  in  fh^ 
character  of  the  material.  The  x-ray  diffraction  intensity  measurements  at  3.37A  on 
the  duplicate  to  specimen  PC-ll-0  did  indicate  graphitic  crystallization  occurring  in 
this  zone,  although  the  measured  intensity  was  about  half  that  of  the  corresponding 
zone  II,  FM-5014  specimen.  If  the  change  in  conductivity  from  zone  III  to  II  in  the 
MX  material  is  attributed  to  parrial  "graphitization"  of  the  filler  material  and/or 
reinforcing  doth  fibers,  tben  the  crystals  which  formed  may  have  been  highly  oriented 
with  the  axis  of  highest  conductivity,  the  "a"  axis,  aligned  along  the  fibers.  Con¬ 
ductivity  may  also  be  affected  by  the  tendency  for  the  formation  of  continuous  paths 
of fyaphitized"  pyrolysis  deposits  along  fibers  in  this  material.  This  could  account 
for  the  large  increase  observed  in  the  thermal  conductivity  parallel  to  the  laminations 
(the  90-degree  specimens),  in  zone  II.  The  surprising  result  deduced  from  the  poiosity 
formulation  is  that  the  "graphitization"  had  the  effect  of  decreasing  the  solid  matrix 
conductivity  normal  to  the  laminate  in  zone  II  in  relation  to  that  of  zone  III.  This  is 
in  opposition  to  the  effect  of  “graphitization "  deduced  from  the  porosity  correlation 
on  the  zone  I  O-degree  lamination  FM-5014  material.  This  decrease  in  conductivity 
is  not  believed  due  to  adwiced  pyrolysis  of  the  resin  in  zone  II  because  the  success 
of  the  porosity  correlation  between  zones  III  and  II  for  the  FM-5014  material  indicated 
that  the  main  effect  of  pyrolysis  wos  to  change  the  porosity  of  the  specimens.  It  is 
also  surprising  that  the  relatively  slight  degree  of  "graphitization"  which  is  attributed 
to  the  tone  II  specimens  could  have  exerted  the  large  effects  on  the  conductivity 
which  were  observed  in  the  90-degree  specimens. 

in  considering  the  90-degree  lamination  specimens.  Table  B-4  shows  that  the  difference 
between  predicted  aid  measured  conductivity  ratios  in  the  zone  II  to  I  case  is  about 
1/7  that  in  the  zone  III  to  II  case.  This  could  mean  that  the  effects  of  "graphitization" 
on  the  solid  matrix  thermai  conductivity  normal  to  the  laminates  is  largely  complete 
at  the  zone  II  temperature  level,  the  increase  in  measured  conductivity  from  zones  II 
to  I  being  essentially  due  to  the  corresponding  deczease  in  porosity. 
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TABLE  B-4  THERMAL  CONDUCTIVITY-POROSITY  CORRELATION  FOR  MX -4926 
MATERIAL  ZONES  ill,  II,  AND  I 


Zones  III  to  II  Correlation,  0-Degree  Laminaf!  is 

Temperature  (R) 

*o3 

K  2 

Ko 

K03/Ko2(a) 

ir  3/k  2<b) 

*0  /K0 

Ko3/k02{c) 

1000 

3.08 

1.85 

1.66 

1.04,  0.91(e) 

1.14 

1200<d) 

3.62 

2.00 

1.81 

1.04,  0.91(e) 

1.14 

1400<d) 

4.15 

2.15 

1.93 

1.04,  0.91(e) 

1.14 

Zones  II  to  1  Correlation,  O-Defiree  Laminations 

Temperature  (R) 

K0 

Ko1 

k02A01W 

<02/K3’fr> 

N.V* 

2000(d) 

2.56 

3.0 

0.85 

0.58,  0.67(e) 

0.74 

2200(d) 

2.71 

3.2 

0.85 

0.58,  0.67  (e) 

0.74 

2400<',) 

2.86 

3.4 

0.84 

0.58,  0.67  (e) 

0.74 

2600(d) 

3.01 

3.6 

0.84 

0.58,  0.67  (e) 

0.74 

2800 

3.16 

3.9 

0.81 

0.58,  0.67  (e) 

0.74 

Zones  III  to  II  Correlation,  90- 

■Degree  Laminations 

Temperature  (R) 

No3 

><902 

3/v  2(b) 

*90  /No 

K  3/K 

90  /K90 

1200 

10.4 

28.7 

0.36 

1.16 

1.06 

1300^ 

10.9 

29.0 

0.37 

1.16 

1.06 

1400(d) 

11.4 

29.3 

0.39 

1.16 

1.06 

Temperature  (R) 

So2 

Zones  II  to  1  Correlation,  90-Degree  Laminotions 

If  2/k  ^e) 

No  /n90 

*90 

K902//*901^ 

K902/K90(b) 

1800 

30.9 

54.0 

0.57 

0.77 

0.81 

2000(d) 

31.4 

56.7 

0.55 

0.77 

0.81 

2200<d) 

31.9 

59.4 

0.54 

0.77 

0.81 

2400 

32.4 

62.1 

0.52 

0.77 

0.81 

2600 

32.9 

64.8 

0.51 

0.77 

0.81 

v.  '  Value  from  the  curve  fit  to  the  measured  conductivity  data 
\u.  Value  calculated  from  the  total  porosity  change  across  zones 

(c)  Value  calculated  from  the  open  porosity  change  across  zones 

(d)  Temperatute  at  which  the  experimental  data  for  the  two  zones  overlapped 

(e)  Two  values  from  the  two  total  porosities  measured  on  specimen  PC-li-O. 
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In  considering  the  90-degree  lamination  results  in  Table  B-4  it  is  obvious  that  even 
the  relatively  slight  "graphitization"  occurring  in  zone  II  hod  a  major  effect  on  the 
thermal  conductivity  parallel  to  the  laminations.  In  the  zone  lil  to  II  cose,  the 
porosity  increase  between  zones  III  and  II  indicates  that  the  conductivity  in  zone  II 
should  be  less  than,  or  at  least  the  same  as,  that  of  zone  III.  In  fact,  the  measured 
zone  II  conductivity  is  almost  three  times  as  great  as  that  of  zone  III.  As  in  the 
O-degnee  case,  the  difference  between  porosity^jredicted  and  measured  conductivity 
ratios  between  zones  II  and  I  is  not  as  great  as  in  the  zone  III  to  II  cose,  although 
the  increased  "graphitization"  in  zone  I  did  increase  the  conductivity  to  a  greater 
exteni  than  the  decrease  in  porosity  from  zone  II  to  I  could  account  for.  Thus, 
continued  "graphitization"  steodily  increases  the  solid  matrix  conductivity  in  the 
direction  parallel  to  the  reinforcing  cloth  laminates. 
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APPENDIX  C 


EFFECT  OF  LAYUP  ANGLE  ON  THERMAL  CONDUCTIVITY 


In  the  seif-guarding  disc  conductivity  measurement  technique,  the  ideal  situation 
(i.e.,  no  radial  heat  flux,  and  true  one-dimensional  axial  flow  in  isotropic  specimens) 
produces  isotherms  in  the  specimens  which  are  normal  to  the  centerline  of  the  disc 
specimen.  In  isotropic  specimens,  the  presence  of  radial  heat  flux  distorts  the  isotherms 
neai  the  edge  of  the  specimen,  but  the  boundary  conditions  on  the  specimen  are  adjusted 
such  that  the  isotherms  become  normal  to  the  centerline  within  the  one-inch-diameter  test 
volume  of  the  specimen.  In  anisotropic  materials,  the  experimental  arrangement  still 
produces  isotherms  normal  to  the  specimen  centerline,  but  the  heat  flux  vector  through 
the  specimen  is  no  longer  necessarily  normal  to  the  isotherms.  The  component  of  the  heat 
flux  normal  to  the  isotherms  is  the  heat  flux  measured  by  the  heat  flow  meter  so  that  it  is 
the  thermal  conductivity  normal  to  the  isotherms  (denoted  by  subcript  n)  and  normal  to 
the  disk  specimen  faces  which  is  actually  measured.  Since  the  specimen  isotherms  are  at 
an  angle  8,  the  lamination  angle  measured  from  the  diameter  of  the  specimen,  to  the 
principal  conductivity  axis  along  the  cloth  layers,  then  the  conductivity  through  specimens 
of  lamination  angle  0  is  related  to  the  principal  conductivities  as  in  equation  (1);  given 
in  another  form  in  Carslaw  and  Jaeger  (^®). 


Kn(*> 


8 


0) 


The  principal  conductivity ,  K,  is  thar  measured  along  the  cloth  layers  (the  90°  lamination 
specimens;  =*  Kgg  in  body  of  report),  and  K3  is  the  conductivity  measured  normal  to  the 
layers  (the  0°  lamination  specimens;  *  Kq  in  body  of  report).  Equation  (1)  was  derived 
on  the  basis  that  the  conductivity  Kj  in  any  direction  in  the  cloth  layer  was  the  same. 

This  is  believed  to  be  a  valid  assumption  for  the  materials  on  this  program;  in  any  case  any 
minor  variations  would  be  averaged  out  by  the  orientation  in  the  conductivity  samples. 

All  actual  measurements  of  Kj  or  Kn  (  8)  *ere  made  on  samples  with  the  lamination  angle 
measured  in  the  cloth  layer  bias  direction  in  MX -4926,  and  in  randomly  oriented  cloth 
layers  in  FM-5014. 

(21 ) 

A  variation  of  Equation  (1 )  was  suggested  by  Schaefer  and  Dahm  v  1  to  describe  the 
influence  of  lamination  angle.  This  relation  differs  from  Equation  (1)  in  assigning  less 
influence  to  the  angle. 

(2) 

The  data  for  the  MX -4926  material  were  used  to  investigate  the  validity  of  Equations 
(1)  or  (2)  in  predicting  the  effect  of  lamination  angle  on  the  thermal  conductivity. 

In  the  zone  III  measurements,  the  data  for  specimen  PC— 1 1 1—0  and  specimen  PC— II I  —45 


Kn  <•> 


,  Ki 

1  +( _ L 


k3 


-i) 


sin 
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were  the  best  defined  to  that  these  two  sets  of  data  were  used  in  Equations 
(1)  and  (2)  to  calculate  the  principal  conductivity,  Kj,  corresponding  to  the 
90  degree  lamination  specimen,  PC-lll-90.  The  two  curves  resulting  from 
Equations  (1)  and  (2)  are  shown  In  Figure  C-l.  Values  for  Kj  were  then 
taken  from  the  two  curves  of  Figure  C-1  and  used  in  conjunction  with  Kj 
from  PC — 1 1 1  — 0  to  calculate  1C  (20*  15')*  which  corresponded  to  specimen 
PC-1 1 1-20. 

The  two  curves  corresponding  to  Equations  (1)  and  (2)  for  the  20  degree  speci¬ 
men  are  shown  in  Figure  C-1  along  with  the  actual  dote.  Figures  C-1  and  C-2 
show  that  the  sin  0  relation  of  Equation  (2)  better  fits  the  data  for  PC-lll-90 
and  PC-II 1—20  than  the  sin^  0  relation  of  Equation.  (1). 

For  zone  II,  the  data  curves  for  specimens  PC —I •  —90  and  PC— 1 1—0  were  used  to 
give  Kj  and  K3  for  use  in  Equations  (1)  and  (2),  and  (2 1  •)  corresponding  to 
specimen  PC-ll-20  were  then  calculated.  (Again  the  exact  lamination  angles 
for  PC-ll-20  end  PC-1-20  were  measured  from  appropriate  specimen  sections 
and  found  to  be  21*.)  The  results  are  given  in  Table  C-1  for  a  range  of 
temperatures  in  order  to  allow  easy  comparison.  It  is  seen  that  the  sin^  0  relo¬ 
tion  of  Equation  (1)  is  definitely  preferred  in  this  case.  The  percent  deviation 
between  the  conductivity  calculated  from  Equation  (1)  and  the  measured  conduc¬ 
tivity  is  given  in  the  last  column  in  the  table.  It  is  seen  that  adjustment  in  the 
slope  of  the  conductivity  curve  for  specimen  PC-li-90  could  produce  a  consistent 
deviation  with  temperature;  however,  the  percent  deviation  would  still  be  sig¬ 
nificant.  It  should  be  noted  here  that  the  data  curve  for  specimen  PC— 1 1  —90  has 
the  highest  uncertainty  of  all  the  measurements.  Therefore,  although  the  angu¬ 
lar  correlation  given  by  Equation  (1)  can  be  considered  as  approximately  correct, 
its  true  validity  in  the  case  of  zone  II  specimens  has  not  been  conclusively 
established. 

For  zone  I,  the  data  curves  for  specimen  PC-l-90  and  PC-1-0  were  used  to  give 
Kj  and  Ko  for  use  in  Equations  (1)  and  (2)  from  which  ^(21*)  corresponding  to 
specimen  PC-1 -20  were  calculated.  The  results  also  appear  in  Table  C-1 .  Agdir^ 
Equation  (1)  proved  more  accurate  in  predicting  the  effect  of  lamination  angle 
on  thermal  conductivity.  The  de/iation  of  calculated  and  measured  (2 1  °)  is 
consistent  with  temperature  at  about  29  percent.  Since  the  deviation  is  consistent 
with  temperature,  the  slopes  of  the  data  curves  for  Kj,  PC-I-90,  and  K^,  PC-1-0, 
seem  to  be  in  the  proper  proportions  to  satisfy  the  predictions  of  lamination  angle 


The  lamination  angles  for  the  nominally  20  and  45  degree  specimens  were 
measured  with  a  vernier  protractor  from  appropriate  sections  of  the  samples 
after  the  specimens  were  sectioned  for  thermocouple  location  remeasurement. 
The  angles  were  found  to  be  20*  15'  and  43*  20',  respectively,  on  the  average. 
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LAMINATION  ANGLE  CORRELATION  AND  "OOD  THERMOCOUPLE"  ADJUSTMENT  OF  THE 
THERMAL  CONDUCTIVITY  DATA  OF  SPECIMEN  PC-lll-90  (MX-4926) 
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TABLE  C-1  COMPARISON  OF  MEASURED  AND  PREDICTED  THERMAL  CONDUCTIVITIES 

FOR  THE  MX -4926  20  DEGREE  LAMINATION  SPECIMENS  OF  ZONES  II  AND  I 


effect  os  given  by  Equation  (1),  but  the  predicted  value  of  ^(21*)  is  consis¬ 
tently  low.  Noting  that  the  data  curve  for  specimen  PC-i-90  along  with  that  for 
PC—  1 1  —90  used  above  had  the  highest  assignee'  uncertainty  of  all  the  specimens 
measured,  it  is  seen  that  the  deviation  of  calculated  and  measured  conductivities 
for  PC -I -20  is  within  the  combined  error  of  measurements  on  specimens  PC -I -90 
and  PL-l-20.  Thus,  the  applicability  of  the  angular  correlation  as  given  in 
Equation  (1)  cm  only  be  considered  as  inconclusively  demonstrated  in  the  zone 
I  materials. 

Porosity  effects  were  not  considered  in  the  above  calculations.  The  porosity  was 
not  the  same  for  each  specimen  involved  in  the  calculations.  The  proper  way  to 
test  Equations  (1)  end  (2)  would  be  to  calculate  the  conductivities  of  the  theore¬ 
tically  dense  materials  corresponding  to  the  principal  conductivities  (see  the 
porosity  correlation  in  sect:on!Xand  Appendix  B),  and  then  use  these  values  in 
Equations  (1)  and  (2)  to  obtain  the  predicted  dense  materia!  conductivity  at  the 
20  degree  lamination  angle.  These  values  should  then  be  compared  to  the  dense 
material  conductivity  os  obtained  from  the  measured,  porous  20  degree  specimen. 
Since  total  porosity  fractions  were  not  obtained  on  all  of  the  MX-4926  specimens 
actually  measured  in  this  program,  some  values  for  tested  specimens  and  some  for 
duplicates  to  the  tested  specimens  (cut  from  the  same  char  block)  were  used  to 
make  the  porosity  corrections  according  to  the  porosity  correlation  procedure  dis¬ 
cussed  in  Section  IX.  Comparison  of  the  porosity-corrected  measured  values  gives 
the  same  results  as  those  indicated  in  Table  C-l .  For  the  sake  of  comparison, 
deviations  in  zone  II  ranged  from  15  to  30  percent,  while  the  runge  in  zone  I 
was  from  20  to  23  percent.  The  conclusion  is  that  porosity  effects  did  not  signi¬ 
ficantly  contribute  to  the  deviation  between  the  predicted  and  measured  thermal 
conductivities  as  given  in  Table  C-l . 
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APPENDIX  D 


THERMAL  CONDUCTIVITY  DATA  SCATTER  AND  ADJUSTMENTS 


This  appendix  discusses  data  scatter  which  resulted  from  inhomogeneity  and  aniso¬ 
tropy  in  the  materials.  It  points  out  that  scatter  can  be  caused  by  local  temperature 
perturbations  in  such  materials  and  suggests,  through  a  simple  analysis,  the  possible 
magnitude  of  scatter. 

In  addition,  this  appendix  points  out  the  difficulty  of  establishing  symmetric  temper¬ 
ature  profiles  and  gradients  for  steady-state  measurements  in  anisotropic  materials. 
Results  of  an  experiment  to  investigate  the  extent  of  scatter  due  to  this  factor  are 
presented. 


MATERIAL  INHOMOGENEITY 

A  possible  cause  for  data  scatter  lies  in  the  relation  between  the  size  of  the  temper¬ 
ature  sensing  thermocouple  bead  and  the  thickness  of  the  reinforcing  cloth  layers 
present  in  the  specimen.  In  the  virgin,  zone  III,  and  several  of  the  zone  II  speci¬ 
mens,  unsheathed  thermocouples  were  used  which  had  beods  on  the  order  of  0.02- 
Inch  diameter.  Microscopic  examination  of  sectioned  specimens  in  this  group 
revealed  that  the  thermocouple  bead  diameter  was  only  about  1/3  larger  than  the 
thickness  of  the  cloth  layers.  It  appeared  that  most  of  a  thermocouple  bead  could 
lie  with  equal  probability  either  in  a  warp  or  in  a  fill  yam.  In  the  0-degree 
lamination  specimens,  a  simplified  picture  of  the  cloth  structure  shows  that  the 
heat  flux  applied  to  the  specimen  during  the  conductivity  measurement  sees  the 
warp  and  fill  yams  essentially  as  cross-hatched  cylinders;  the  applied  heat  flux 
vector  being  normal  to  the  long  axes  of  the  cylinders.  Symmetry  suggests  that  in 
this  case  there  will  be  no  local  temperature  fluctuations  from  fill  to  warp  yams. 
However,  in  the  90-degree  lamination  specimens,  asymmetry  in  the  local  heot 
flux  at  the  thermocouple  bead  may  occur  in  two  ways.  For  MX-4926,  where  ell 
yams  are  on  the  bias  at  45  degrees  to  the  heat  flow  path,  local  osymmetry  could 
oocur  due  to  the  different  counts  of  fill  and  worp  yarns.  The  higher  count  in  the 
warp  direction  wou(d  cause  distortion  of  the  heat  flow  path  toward  the  direction  of 
warp  yams,  giving  eri  anisotropic  effect  due  *o  material  inhomogeneity .  For 
FM-5014,  where  laminate  orinetations  were  random,  many  of  the  yams  will  be  nearly 
parallel  arid  many  normal  to  the  applied  heot  flux  vector.  Due  to  this  osymmetry, 
it  is  likely  that  there  were  local  temperature  gradients  between  worp  arid  fill  yams 
in  the  90-degree  lamination  specimen.  Since  most  of  any  thermocouple  bead 
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could  be  ir  o  warp  or  fill  yam,  It  may  have  happened  that  two  of  the  three  speci¬ 
men  thermocouple  beads  were  primarily  in  a  fill  yam  while  the  third  was  primarily 
in  a  warp  yam.  In  this  event,  the  temperature  differences  used  to  calculate  the 
thermal  conductivity  of  the  specimen  would  be  perturbed  by  the  local  temperature 
difference  between  the  werp  yam,  which  most  influenced  the  "odd"  (in  a  medium 
of  different  conductivity  from  the  other  two)  thermocouple  beod,  and  the  fill 
yam  adjacent  tc  the  odd  bead.  This  would  give  rise  to  scatter  in  the  three  thermal 
conductivity  values  calculated  from  the  three  specimen  thermocouple  readings  at 
each  equilibrium.  It  is  to  be  noted  that  the  90-degree  lomination  specimens  were, 
in  foct,  the  most  difficult  to  measure;  they  showed  the  greatest  data  scatter. 

in  order  to  define  better  the  possible  effect  of  material  inhomogeneity  on  the 
thermocouple  reodings  in  the  thermal  conductivity  measurements,  the  data  for  speci¬ 
men  PC -1 1 1 -90,  MX -4926,  were  reconsidered,  assuming  that  data  from  one  of  the 
three  specimen  thermocouples  was  odd  from  the  other  two,  i.e.,  one  thermocouple 
was  reading  a  temperature  of  material  of  different  conductivity  than  that  of  the 
other  two  thermocouples.  With  this  assumption,  the  deviation  of  each  set  of  values 
of  conductivity  obtained  for  each  equilibrium  point  in  the  experiment  could  be 
use.1  to  reduce  the  data  scatter  as  follows: 


A  deviation  for  two  of  the  three  thermal  conductivity  values  obtained  at  an  equi¬ 
librium  in  the  conductivity  measurements  may  be  defined.  The  two  independent 
conductivity  values  are  calculated  from  the  temperature  differences  between  the 
hot  zone  and  middle  thermocouples,  ar.J  the  temperature  difference  between  the 
middle  and  cold  zone  thermocouples: 


Ki  -  K2 


K,  ♦  K2 


P  »  percent  deviation  (I) 


In  order  to  allow  for  the  natural  variation  of  K  with  T,  a  straight  line  approxima- 
tion  was  used  to  give  a  K  (T)  slope.  From  the  HC-lil-90  data,  the  following  slope 
was  obtained. 


K1  (T)  - 


1  Btu  inch  /r> 

200  *^nr/R 


If  K2  refen  to  the  conductivity  value  measured  of  the  lower  mean  temperature 
attained  at  <xi  equilibrium,  and  Kj  is  the  conductivity  value  obtained  at  the  higher 
mean  temperature  of  the  same  equilibrium,  then  the  linear  approximation  gives  the 
following  equation: 

=.  v  +  AT 

K2  20(5“ 
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The  following  quantity,  P*,  based  on  the  linear  K(T)  approximation,  is  defined  as 
follows: 


where: 


Pf  »  K]  -  K2 
K1  +  K2 


I 


40G  j  K2 

_u 1 

'  AT 

1  J 

(2) 


AT  *  temperature  difference  between  the  mean  temperatures 
at  which  K|  and  K2  are  evaluated. 


Using  the  measured  value  of  K2,  taken  in  this  calculation  as  the  K  calculated 
between  the  middle  end  cold  zone  thermocouples  in  the  specimen,  to  calculate 
in  Equation  (2),  one  can  Ihen  approximately  bring  the  natural  temperature  depen¬ 
dence  of  K  into  the  percent  deviation  by  using  the  more  general  definition  of 
deviation  given  in  Equation  (3). 


P(K)  »  P  -  P* 


(3) 


As  defined  in  Equation  (1),  P  accounts  for  the  measured  data  scatter,  and  P*  pre¬ 
serves  the  natural  temperature  dependence  of  K  on  temperature.  If  Pt  were  not 
Included,  the  three  data  points  for  K  at  each  equilibrium  point  would  be  adjusted 
into  one  single  value  and  the  temperature  dependence  of  K  within  the  group  of 
three  entirely  lost. 

Using  the  one-dfmensional  heat  flow  eouation,  —  *  K  — g —  for  K, 

remembering  that  ^ -  is  the  same  for  all  three  specimen  thermocouples,  one 
obtains  the  following  equation  for  P(K)  independent  of  Equation  (3)  above; 


=  K1  "  k2 
K,  ♦  K2 


o  d 

1-2  .  2-3 

"At  )  -  ~  AT2_3 

dl  -2  I  d2-3 


(4) 


In  Equation  (4),  d|_2  arid  d2-3  ar®  distances  between  the  hot  zone  and  middle 
thermocouple  beads,  and  middle  and  cold  zone  thermocouple  beads,  respectively, 
and  AT|_2/  ^2-3  ore  ^’'''•sp^ding  temperature  differences. 
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Equation  (4)  can  be  rearranged  into  Equation  (5)  below  to  relate  the  temperature 
gradient  between  the  middle  and  cold  zone  thermocouple  beads  to  the  temper¬ 
ature  gradient  between  the  hot  zone  and  middle  thermocouple  beods. 


h  -  t3 

d2-3 


Pno  T1  ■  t2 


(5) 


In  Equation  (5),  P  (K)  is  defined  by  Equation  (6). 

p(K)  =  ■'  i-Kl 

1  -  (TO  (6) 

The  generalized  deviation,  P(K),  of  Equation  (6)  is  now  considered  defined  by 
Equation  (3). 

Assuming  that  the  hot  zone  thermocouple  is  odd,  a  temperature  Tj 1  should  exist  such 
that  P  (K)  *  1.  In  other  words,  T|‘  is  a  hypothetical  hot  zone  temperature,  which, 
if  actually  attained  by  the  hot  zone  thermocouple,  would  have  reduced  the  variation 
in  thermal  conductivity  with  temperature  to  the  assumed  linear  relation,  thus  elimi¬ 
nating  the  data  scatter  among  the  three  values  of  conductivity  obtcined  at  an  equi¬ 
librium.  This  corresponds  physicolly  to  the  case  where  all  three  specimen  thermo¬ 
couples  vttuld  have  been  in  tne  same  local  environment.  Equations  (5),  with  P  (K)  “  1, 
defines  Tj'  as  in  Equation  (7), 


V  -  t2  a  t2  -  t3 

dj_2  d2-3 


Equations  (5)  and  (7)  can  be  combined  to  give  Tj 1  in  terms  of  the  quantities,  P  (K), 
Tj,  and  T2  which  are  known  from  the  conductivity  measurements. 

T,'  -  T,  *  (P  (K)  -  1)  (T,  -  T2)  (8) 

The  calculation  of  T  j  *  is  accomplished  by  using  the  measured  conductivity  at  the 
mean  temperature  between  the  hot  zone  and  middle  thermocouples,  Kj,  and  that  at 
the  mean  temperature  between  the  middle  and  cold  zone  thermocouples,  K2,  in 
Equation  (1)  to  calculate  P,  the  percent  deviation  of  Kj,  K2.  Then,  the  temperature 
dependence  of  the  conductivity  which  must  separate  the  value  of  Kj  from  K2  is 
accounted  for  by  calculation  of  P*  by  means  of  Equation  (2).  The  generalized  devia¬ 
tion,  P(K),  is  then  calculated  from  Equation  (3)  and  used  in  Equation  (6)  to  give 
P  (K),  The  actual  value  of  the  measured  temperature  at  the  hot  zone  thermocouple. 


Tj,  and  thaf  at  fhe  middle  thermocouple,  T2,  ore  used  with  P(K)  in  Equation  (8) 
to  give  the  hypothetical  temperature  T, This  temperature  is  then  used  in  place 
of  the  measured  hot  zone  temperature  to  adjust  the  three  values  of  conductivity 
obtained  from  the  original  hot  zone,  middle,  and  cold  zone  measured  temperatures. 
Since  the  hot  zone  thermoco  pls  was  assumed  at  fault,  the  value  of  the  measured 
conductivity  obtained  from  the  temperature  difference  between  the  middle  and 
cold  zone  thermocouples  remains  unchanged.  The  conductivities  calculated  from 
the  temperature  differences  between  the  hot  zone  and  middle,  and  hot  zone  and 
cold  zone  thermocouples  are  changed  in  such  a  way  as  to  align  them  with  the 
unchanged  conductivity  .  The  results  of  these  calculations  appear  as  the  lower 
set  of  points  In  Figure  C-L  The  perturbation  temperatures,  (T i 1  -  T,)  raquired 
to  affect  this  data  adjustment  for  the  four  data  points  presented  in  Figure  C-l  in 
this  case  where  the  hot  zone  thermocouple  was  presumed  odd,  varied  from  14  to 
20  degrees  R. 

The  same  procedure  was  applied  assuming  successively  that  the  middle  thermo-¬ 
couple  and  then  the  cold  zone  thermocouple  were  odd.  In  the  above  calculations 
only  the  final  Equation  (8)  changes.  If  the  middle  thermocouple  is  odd.  Equation 
(8)  is  replaced  by  (9). 

(t2  -  t2*)  *  or,  -  t2) 


The  adjusted  conductivities  arising  from  Equation  (9)  are  the  middle  set  of  points 
in  Figure  C-l  ,  the  original  conductivity  calculated  between  the  hot  and  cold  zone 
thermocouples  remaining  unchanged.  The  perturbation  temperatures,  (T2-T2'), 
required  to  affect  this  data  adjustment  for  the  four  data  points  ranged  from  3.4  to 
4.9  degrees  R. 

if  the  cold  zone  thermocouple  is  assumed  to  be  the  odd  one.  Equation  (8)  is  reploced 
by  Equation  (10)  in  the  calculations. 

(T3’-T3)  -  d2_3  (P  (K)  -  I>  (T,  -  T2)  (10) 

^1-2 

The  odjusted  conductivities  arising  from  Equation  (10)  appear  as  the  upper  set  of 
points  In  Figure  C-l,  the  original  conductivity  calculated  between  the  hot  zone 
and  middle  thermocouples  remaining  unchanged.  The  perturbation  temperate  ^ 

CT3*  ~  T3),  required  to  effect  the  adjustment  for  fhe  four  ddto  points,  ranged  from 
4.5  to  6.5  degrees  R. 
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The  preceding  calculations  were  made  only  to  Illustrate  that  material  inhomo¬ 
geneity  could  have  contributed  to  the  observed  data  scatter;  the  perturbation 
temperatures  required  to  account  for  the  scatter  are  not  unreasonably  high. 
However,  the  fraction,  if  any,  of  the  scatter  which  could  be  directly  attributed 
to  material  inhomogeneity  could  not  be  determined.  Therefore,  no  corrections 
could  be  made  to  the  data  to  account  for  this  effect. 


MATERIAL  ANISOTROPY 

The  anisotropy  of  the  specimens  also  limited  the  precisian  of  data  in  another 
way.  The  three  specimen  thermocouples  yielding  the  thermal  conductivity  values 
for  the  specimen  were  placed  nominally  at  1/4  inch  from  the  centerline  of  the 
specimens  at  appropriate  distances  apart.  By  necessity,  the  three  thermocouple 
holes  had  to  be  drilled  some  angular  distances  apart  from  each  other  around  the 
circumference  of  the  specimens. 

Consider  the  90-degree  lamination  specimens.  Viewed  from  the  flat  surfaces, 
the  laminations  all  run  In  the  same  direction.  To  a  fair  approximation,  the 
directions  parallel  and  normal  to  the  laminations  represent  the  directions  of  the 
principal  conductivity  axes.  Thus,  it  is  obvious  that  in  the  experimental  appara¬ 
tus  where  some  radial  heat  flux  is  bound  to  occur,  the  temperature  in  a  plane 
normal  to  the  specimen  centerline  has  angular  as  well  as  radial  dependence. 

Since  the  thermocouples  enter  at  different  angles  to  the  lamination  direction  as 
viewed  from  a  flat  surface,  .and  lie  at  equal  radial  distances  from  the  specimen 
centerline,  it  is  apparent  that  the  temperature  at  each  thermocouple  bead  loca¬ 
tion  is  perturbed  from  the  averoge  in  its  axial  plone  by  a  different  amount,  depend¬ 
ing  on  the  angle  between  the  radios  vector  to  the  bead  and  the  direction  of  the 
laminations.  Although  the  radial  flux  may  not  be  great  enough  to  cause  signifi¬ 
cant  error  in  the  average  level  of  the  measured  thermal  conductivity,  as  determined 
by  an  appropriate  weighted  average  between  the  three  conductivities  calculated  at 
each  equilibrium,  it  may  still  be  great  enough  to  cause  the  three  conductivities 
to  scatter  rather  than  fall  on  a  smooth  curve  as  is  desired.  Since  the  temperature 
differences  measured  in  the  90-degree  specimens  were  generally  low  as  compared 
to  those  in  the  0-degree  specimens,  small  temperature  perturbations  of  the  order 
of  a  degree  could  account  for  the  observed  data  scatter.  Due  to  their  lamination 
symmetry,  the  0-degree  specimens  should  not  have  shown  this  effect  and.  In  fact, 
the  data  scatter  for  the  0-degree  specimens  were  generally  small  compared  to  the 
other  cases  where  the  laminations  were  at  any  other  angle  than  zero;  the  90-degree 
lamination  specimons  showed  most  scatter. 
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Specimen  PC- 1 1 -90,  MX-4926,  was  instrumented  to  study  asymmetry  in  the 
temperature  distribution.  Figure  0-1  shows  the  location  of  the  three  specimen 
thermocouples  used  in  the  thermal  conductivity  measurements,  plus  the  six  addi¬ 
tional  thermocouples  aligned  along  the  normal  to  the  laminations  as  vi«w*d 
from  a  flat  surface.  Two  thermocouples  were  flash-welded  to  the  tantalum 
pellet  insulation  surrounding  the  curved  surface  of  the  specimen  at  points  close 
to  the  edge  thermocouples  in  the  specimen  and  at  approximately  the  mid-plcme 
of  the  specimen  to  indicate  the  temperature  of  the  insulation.  Also,  the  central 
thermocouples  were  drilled  to  0.1  inch  from  the  specimen  center  instead  of  the 
normal  1/4  inch  in  order  to  reduce  the  effect  of  any  rodial  heat  flux  which  may 
have  bean  present.  (The  offset  is  used  to  minimize  the  distortion  of  the  axial 
heat  flow  pattern  through  the  one-inch  diameter  test  volume  of  the  specimen.) 

Table  D-l  gives  results  of  the  measurements  corresponding  to  those  data  points 
which  appear  in  the  thermal  conductivity  curve  for  specimen  PC  — II— 90.  The 
asymmetrical  temperature  variation  is  clearly  evident  in  the  signs  and  magnitudes 
of  the  radial  temperature  differences  between  the  3/4-inch  and  1  3/Ti-inch 
temperatures,  and  the  temperature  differences  between  the  appropriate  insula¬ 
tion  temperature  and  corresponding  1-3/8  and  3/4-Jnch  thermocouples.  Tlrese 
values  all  show  a  highly  asymmetric  heat  flow  in  the  specimen  during  measure¬ 
ment.  The  A  values  of  Table  D-l  Indicate  a  radial  heat  flow  out 

of  the  one-inch-diameter  test  volume  both  parallel  end  normal  to  the  laminates. 
However,  the  A  Tj_3/|g_|  indicate  o  heat  flow  from  the  insulation  into  the 
specimen  along  the  laminates  and  heat  flow  from  the  specimen  into  the  insulation 
normal  to  the  laminates.  The  A  T3/4- |  values  parallel  to  the  laminates  are  in¬ 
consistent,  indicating  that  the  axial  location  of  the  insulation  thermocouple 
relative  to  the  axial  location  of  the  specimen  thermocouple  was  not  known  with 
precision,  although  the  directions  of  radial  heat  flow  from  specimen  to  insulation 
as  indicated  by  the  ^1-3/8-i  values  are  of  high  enough  magnifude  and  con¬ 
sistency  to  be  considered  qualitatively  correct. 

The  data  of  Table  D-l  indicate  that  the  specimen  isotherms  are  saddle-shaped 
to  a  degree  depending  on  the  axial  location  within  the  specimen.  These  complex 
flow  patterns  can  easily  be  a  major  contributor  to  the  observed  data  scatter  in 
c.!!  non -zero-degree  lamination  specimens.  .As  stated  above,  the  thermocouples 
utilized  in  the  thermal  conductivity  measurement  are  offset  1/4  inch  from  the 
specimen  centerline.  In  the  case  of  PC-1 1-90  the  three  thermocouple*  were 
drilled  to  Within  1/10  inch  of  the  centerline.  Even  In  this  case,  however, the 
measurements  in  Table  D-l  indicate  the  asymmetrical  temperature  perturbations 
of  the  order  of  one  degree  could  have  been  possible  within  a  l/10inch  radial 
distance. 

Corresponding  to  Table  D-l  and  the  case  of  20  degrees  temperature  diffeience 
between  two  of  the  three  spucimen  thermocouples,  a  one  degree  temperature 
perturbation  could  lead  to  fluctuations  of  5  percent  between  the  values  of 
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TABLE  D-l  RESULTS  O'  TEMPERATURE  PROFILE  MEASUREMENTS  PERFORMED  ON  SPECIMEN  PC-ll-90 


conductivity  calculated  from  the  three  setj  of  temperature  differences  obtained 
from  the  three  specimen  thermocouples.  Since  the  temperature  differences 
between  specimen  thermocouples  were  higher  for  the  specimens  with  laminations 
r*  less  than  90  degrees,  the  effects  of  the  asymmetrical  temperature  perturbations 
were  correspondingly  iess  for  these  specimens;  however,  the  strength  of  the 
anisotropy  effect  is  such  that  each  specimen  requires  individual  attention. 


APPENDIX  E 


ENTHALPY  VERSUS  TEMPERATURE  DATA 


VIRGIN  MATERIALS  -  SEALED  VERSUS  VENTED  SPECIMENS 

Preliminary  heat  content  measurements  on  the  three  virgin  state  materials  showed 
a  discontinuity  in  the  enthalpy-temperature  curve  in  the  range  600-700  R. 

These  specimens  were  sealed  in  type  347  stainless  steel  capsules  under  a  helium 
atmosphere.  Results  of  these  measurements  are  illustrated  in  Figures  E-l  ,  E-2  , 
and  E-3  .  In  each  case,  the  data  points  for  the  scaled  specimens  are  numbered 
In  the  order  token.  When  the  MX -4926  (Figure  £-1  )  specimen  was  removed 
from  its  capsule  following  tne  measurements,  there  was  no  noticeable  change  In 
its  appearance,  by  microscopic  examination,  and  its  capsule  inner  wall  surfaces 
were  dean.  However,  there  was  a  one  percent  weight  loss  by  the  specimen . 

A  second  measurement  of  this  material  resulted  In  a  weight  loss  of  2.1  percent 
when  the  capsule  was  vented  to  permit  escape  of  vapors.  \Mien  plotted  in  Figure  E-l 
the  data  show  a  change  in  enthalp  /  due  to  vaporization  of  around  5.5  to  6.5  calories 
par  gram.  Therefore,  the  latent  heat  of  vaporization  of  the  mareriai  vaporized  is 
about  260  to  310  cal/g.  The  figures  show  that  the  vaporization  temperature  lies 
somewhere  between  60  and  93  C  (600  and  660  R).  It  is  interesting  to  note  that 
alcohol  (methyl)  fits  into  this  range  of  vaporization  temperature  and  latent  heat  of 
vaporization,  whereas  water  does  not. 

Oh  Ihe  other  hand,  iV  scatter  data  for  the  sealed-capsule  case  suggests  the 
possibility  of  vaporization  by  more  than  one  component.  If  a  smooth  curve  is 
drawn  through  all  the  data  points  for  this  case,  inflection  points  (phase  changes) 
are  Indicated  in  the  region  610  to  670  R.  Comparison  of  the  slope  of  this  curve 
with  that  for  the  vented -capsule  case  shows  unequal  slopes  until  about  800  R. 

This  ccr  be  interpreted  as  being  caused  by  vaporization  proceeding  at  a  finite 
rate  within  rhe  specimen,  the  vaporization  apparently  being  completed  at  about 
800  R. 


CHAR  MATERIALS 

The  enthalpy-tempereture  relations  for  the  three  zone  I  char  materials  are  shown  In 
Figure  E-4  and  E-5. 


Entbolpy,  Btv/)b 


FIGURE  E-  1  ENTHALPY  OF  MX-4926  VIRGIN  MATERIA! 
(SEALED  AND  VENTED  CAPSULE) 
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Enthalpy,  Btu/lb 


♦ 


Temperature,  R 


FIGURE  £-2  EN  THALPY  OF  MX-4926  (NOZZLE  '’A")  VIRGIN 
MATERIAL  (SEALED  AND  VENTED  CAPSULE) 
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Temperature,  8 


FIGURE  E-3  ENTHALPY  OF  FM-5014  VIRGIN  MATERIAL 
(SEALEO  AND  VENTED  CAPSULE) 


ENTHALPY  OF  MX-4926  (70NE  I)  CHAR  MATERIAL  (LABORATORY  CHAR  AND  NOZZLE  CHAR) 
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Air  Force  Materials  Laboratory 
Wright-Patferton  APB,  Ohio  45433 


TnermaY  conductivity,  specific  heat,  thermal  expansion,  and  a  complete  microstructural  and 
chemical  compositional  characterization  were  established  from  room  temperature  to  5000°F  for 
MX-4926  phenolic-carbon  and  FM-5014  phenolic-graphite  nozzle  throat  chars  recovered  from 
fired  120-  inch  solid  boosters.  Characterization  of  FM-5055A  ablative  chars  from  plasmo  tests 
simulating  reentry  was  also  completed.  Characterization,  versus  depth  from  the  char  surface, 
included  determination  of  apparent  and  solid  density,  total  porosity,  open  porosity  size  distri- 
tion,  microstructural  characteristics,  elemental  composition,  thermal  stability,  and  extent 
d  nature  of  char  "graph! fizotion."  Computer  predicted  internal  density  and  temperature 
ilstorie>s  related  post-test  ablative  char  characteristics  to  temperature  during  prior  ablation. 
Thermophysical  properties  were  measured  as  a  function  of  layup  angle  on  virgin  material  and  on 
furnoce  charred  samples  duplicating  three  distinct  char  zones  found  in  the  nozzle  chars.  Ther¬ 
mophysical  properties  were  correlated  with  sample  characterization  and  heat  transport  theory  to 
predict  properties  applicable  during  ablation.  Thermal  conductivity,  obtained  by  the  steady 
state,  unidirectional  comparative  disk  method,  depended  on  the  rate  controlled  pyrolysis  gen¬ 
eration  of  porosity  and  on  temperature  dependent,"grophitization|[  so  that  data  for  any  applica¬ 
tion  must  be  extrapc^ted  from  values  measured  on  after  test  chars.  Low  lamination  angles  rela¬ 
tive  to  the  heat  flow  path  gave  substantially  lower  conductivity  for  ail  states  of  ablating  ma¬ 
terial.  Specific  heat,  obtained  from  Bunsen  ice  calorimeter  enthalpy  measurements,  was  estab¬ 
lished  as  o  function  of  temperoture  in  third  order  equations  for  all  states  of  ablating  material. 
Linear  thermal  expansion  did  not  behove  systematically  and  permanent  dimensional  changes  were 
[obtained  on  all  samples.  Crussply  shrinkage  during  pyrolysis  wos  the  largest  dimensional  change 
resulting  from  ablation  heating. 


Unclassified 

Security  (  Unification 


■oct  i  "i  1  "on  I  »t  I  aeic  I  »t 


Ablation 


Thermal  Properties 


INSTRUCTIONS 


I.  ORIGINATING  ACTIVITY  (nm  th.  n,m,  and  «dd« 
of  the  contractor,  tube  on  tree  tor,  grantee,  Department  of 
fans*  activity  or  other  organisation  (corporate  author)  issuing 
the  report. 

2a-  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over- 
•II  aeciaHty  classification  of  the  report-  Indicate  whether 
"Restricted  Data"  la  included.  Markin*  ia  to  ha  In  accord' 
■nee  with  appropriate  security  regulation#. 

2b.  GROUP:  Automatic  downgrading  ia  specified  in  DoD  Di¬ 
rective  9300-10  and  Armed  Force*  Industrial  Manual.  Enter 
the  group  number.  Aleo,  when  applicable.  eho»  that  optional 
marking*  have  been  used  for  Groig>  J  and  Grovg>  4  aa  author- 
Ited. 

J.  REPORT  TITLE;  Enter  the  complete  report  title  in  all 
capital  latter*.  Title*  in  all  case*  ahould  be  unci aaalfied. 

2f  a  meaningful  title  cannot  be  selected  without  classifies 
Mon,  show  title  claoLifu-atiun  m  all  capitnl#  in  parent  ha  ala 
. immediate] y  following  (hr  title. 

4  DESCRIPTIVE  NOTES  If  appropriate,  enter  th#  type  of 
r«*pori.  e.g.,  interim,  progreee.  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  •  specific  reporting  period  i* 

.  overed. 

5.  AUTHOR(S):  Enter  the  neme<i)  of  authors)  a*  Shown  cn 
or  in  the  report.  Enter  last  name,  first  name,  middle  initial. 

If  military.  «how  rank  end  branch  of  service-  The  name  of 
the  principal  author  la  an  absolute  minimum  reguirament. 

6  REPORT  DATE  Enter  the  date  of  the  report  a*  day, 
month,  year,  or  month,  year.  If  more  than  on*  date  appear* 
on  the  report,  use  date  of  publication. 

7.  TOTAL  NUMBER  OF  PAGES:  Th*  total  paga  count 
should  follow  normal  pagination  procedure*.  I.*.,  enter  th* 
number  of  pages  containing  information. 

7b.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report 

•a.  CONTRACT  OR  GRANT  NUMbER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
(he  report  waa  written 

bn,  »c.  4  be,  PROJECT  NUMBER  Enter  th#  appropriate 
military  department  identification,  such  aa  project  number, 

I  aubprojact  number,  *y*t#m  number*,  task  number,  etc 

9*  ORIGINATOR’S  REPORT  NUMBERfS):  Enter  the  oifi* 
ciai  report  number  by  which  ih#  document  will  be  identified 
and  controlled  by  »h*  originating  activity.  This  number  must 
be  unique  to  this  report 

9b  OTHER  REPORT  NUMBERfS).  If  the  report  he#  been 

assigned  any  other  r'-p-rrt  number!  (either  by  the  originator 
or  by  the  sponsor),  ..l«u  enter  this  numbart*)- 


10.  A  VAIL  A8I  LIT  Y'' LIMITATION  NOTICES  Enter  any  lim¬ 
itation*  on  furthar  dissemination  of  the  report,  other  than  thoae 
imposed  by  aecurlty  classification,  using  standard  statements 
such  aa. 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC .  ” 

(2)  "Foreign  announcement  and  di sasminetlon  of  this 
report  by  DDC  la  not  authorised  ** 

(J)  "U.S  Government  agencies  may  obtain  copies  of 
thia  report  directly  from  DDC-  Other  qualified  DDC 
users  shall  raquaet  through 


(4)  "U.S-  military  agencies  may  obtain  copies  of  this 
report  directly  from  DDC.  Other  qualified  users 
shall  request  through 

(5)  "All  distribution  of  this  report  i*  controlled-  Qual¬ 
ified  DDC  users  shall  request  through 

If  »ht  report  has  bssr,  furnished  to  the  Office  of  Technical 
bervi.ee.  Department  of  Commerce,  fur  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

11.  SUPPLEMENTARY  NOTE*  U**  for  additional  e*» lan e- 
tory  not**. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  Ihe  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (ply 
ing  for)  the  ressarch  and  development,  include  address. 

19.  ABSTRACT.  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report  even  though 
u  mry  also  appear  elsewherj  in  the  body  of  the  technical  re 
port.  If  additional  apses  I*  rsquirsd,  a  continuation  ahaat  shall 
be  atleched- 

it  is  highly  desirable  that  the  abstract  of  classified  reports 
be  unclassified  Each  prsgraph  of  ’ha  abstract  shall  end  with 
en  indication  of  th*  m'liiary  aecurlty  classification  of  the  in* 
formation  in  the  paragraph,  represented  a*  <TE).  (•),  £€}.  or  (U>- 

There  ia  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever.  th*  a  ug  g  *  *  i  *  d  length  is  from.  15C  to  3JJ  word*. 

14.  XI V  wORLS  Key  words  are  technically  meaningful  terrr.e 
or  short  phseets  th#f  characterise  a  rap-  n  and  may  be  used  *■ 
indea  entries  for  cataloging  the  report  Kay  wurds  muel  be 
aelected  so  that  no  security  classification  is  required.  Identi¬ 
fiers,  such  as  equipment  model  designation,  trad*  name,  military 
project  cod*  name,  grogrgih.c  location,  may  br  uead  a*  key 
word*  bu>  will  h*  fr,ili..*rd  by  an  indication  of  technics!  con¬ 
tent.  Th*  assignment  of  Jinks,  role*,  and  weighis  is  optional. 


-1473 


U  9  4g0i  tOK  HCv.  4/65 
mst  1  or  l 


Unclassified 

sfiunty  l  1 .4 n b i f  i c  j 1 1 . •  n 


231 


